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considered. The ccré region is the c<nly one of interest in this
. podule. The program name is FUMOTEM -(Fundamental Mode Kinetics with - |
Temperature Feedback). SThere are four types of reactivity inputs that
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KINETICS MODULE 1 .

. . . . Fy
THE REACTOR zg;;TIGS EQUATIONS ( e ~
* e - ¢ .~ h N A:
1.1 Object of Module L .- ‘
i e . . ( : .
The object of this'module is to: " ‘ .

.ot .

1) Obtain the Kinetics Equation w1thout feedback

and * 2). Solve the kinetics equations numerically for one to six delayed ‘

2

L N T

'L ’ ngutron groups for_time varying reactivity insertions. ) T e ~

The time dependence of a ‘modern reactor is really very complicated. The
L] - N

cont§g} rod motion 15 a local perturbation so’the time dependénce of the flux -

b
A

cannot’ completely be divorced from the space\dependence.o The~ fundamental
« - * ) ' N
mode kinetics equations do provide a rough idea of what the time behavior of '

. ¢

a reactor.will be. In this module we will de@elpp the -kinetics equations ¢

and indicate How they can be $olved numerically. Feedback effects will b

A Y L

-introduced in later modules. N L

The computer cdde FUMOKI (Egpdamenta\\ﬁgﬁe Kinetics) will calculate the

5

_ power as a function of time for either uranium or plutonium. Either fuel can
' . - ’ )
be used with‘one to six délayed néutron groups and one of three types of
¢ » . :. 1 ]
creactivity insertions: . - .

1) a constant reactivity Py

2) Esinusoidal \ p(t) ? posin b2t : .
< . ‘ -
or 3) a ramp s - p(}:)=p°(1+b3t). -
The ramp 1s to simulate the rod withdrawl or insertion reactivity input. . ‘

'

€ .

‘The code- does not compute any parameters so the neutron generatioh time

must be prbvidedﬁ Also the gfer has, the option of studying the effects of
A J

.
various time stesz;n solving thqééystem. The time step can ‘be surprisingly

“* 4arge (8.05 sec) abd still'yield gobd, results 4n most cases.’

L LY . . r \
. . e .
. o . K




1.2 The Kinetics Equations - ) . 4

1 '
J N .
& 3 ~ ' “ L4

The time behavior of a reactor is a very important consideration in
. o )
the Operation of a nucllear power plant Also, the safety analysis of a . s
(

. ) plant depends upon a thorough knowledge of the kinetics equations. The

e

>

many types of reactor designs necessitates consideration of various
. ’ A

) reactivity coefficients and dynamic response characteristics:
The netx/trpnic.:considergtions of a reactor cannot:be divorced from
T _asgsociated feedback mechanisms such as heat Atransport, fluid flw, mechani-’
cal chanées etc. _Thxere are nany wai;s to delineate the dynamics probrle.ms.
of a power plant but a natural one seems .to be tj classify proBlems S
. - - .
. , according to the time constants in\{olved., There are fouUr areas that we
can -stlidy: ‘ . , . ' > .
/ . N . : . B
1)1 Very slow t{ransients_— _fuel depletion with time constants of . ,
' \h.ej;der of a qye'ar or so_.‘ We will. not consider this as a
\-
dynamics problem at_all but rather in the stati(“s sections 'z
‘ ' Slow}ansients—— Xenon and Szamarium effects. The time constants \
R " here are of 'the order of___gurs. ' ‘
3) Normal transients - Chinges in fuel and tioderator temperature, o
< N
- void changes, delayed neutron “considerations etc. The time
- constants here are” of‘ tlge*;drder of a second or so, and small .
S ey .
- . i - reactivity 'changes aré ltti%olved ) ’ ”a
\: | ) | . b) Fast transients - Cont?)l rod drOppedJin or@withfdrawn at its .\1
! ) / 'maximum rate etc. Reazctivity inputs are of 50¢ and up. The
. . . )
. time constants are of tihe order of 10 =4, sec. and seriadus safety
. ’ .

7,

ats -

. . 5 . . .« . . . N *
2 . B . .
.. B N - ) « . - . . =
. o 0. , r . . - i g
\‘1 [ 9 - . ! -
. . ,
A v 7o providea by eric & )

. ,. N .
. questions are raised E ) o~
. | .
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In addition to these rather geneéral time reference frames, another

-

. 4 . :
important aspect of the reactor dynamics problem is whether or not the .
core is so large that spatially dependent analysis is necéssary. The

Qfolution of one or more dimensiénal kinetics problems necessitaggi the
-

usé of a relatibely large computer. Xenon oscillations are of importance
N .

hefe. Also reactivity insertions are usually localized so that hot spots
: ' Y ‘. A

B
>

may develop. . . . -

o
Coug}ed core kinetics considerations are of interest in some types

of reactors with large cores or ‘core regions which are loosely coupled. »

-

When the neutron flight times between .different regions of the Feactor
. Bl \ -
are not negligible, then coupled c¢ore kinetics may be a useful -tool.

Coupled core kinetics equations are geﬁerally differential7intégra1

equations with time-lag kernels. Coupled core kinetics involves writing

. s

_the kineg&cs equations for‘eagh region of the reactor and then coupling

R

the regions by neutron leakage from one region to the other.
When a conFrol rod in a reactor is removed, the neutron flux distri- -

butidh is disturbed so that not’only the fundamentgi mode is present but

the higher modes are also pregent. \However, Ehese highé?\harmoniés die

out very rapidly so that while the fod 1is in motion‘(in the order of seconds)

the fupdamental mode 'is the only important one. Therefore we will ‘deal

.

only with the fundamental mode for the space dependence and the kinetics
equations we solve will simply indicate how the amplitude of this ﬁﬁhda—

mental mode changes with -time. for.e le, in a spherical reacgtor the

- Y

o

flux is ° . - ' - Y . _ )

o(r,0) = §a(ey SRE ,

¢

Q




) - . CA
and this spatial dependence persigts through most transients, and the

t kinetics equatiods simply yleld the ¢o(t). In a word, the spatial and time
¢ dependence are separable for most,trahsients.*

.
v

We will derive the kinetics equations using ore groupndiffusion'thgory.

but the same equation's are obtained ‘from multi-gfoup or transporﬁ theory.
» * . . b I >
. 0 l <.

" The ‘thermal neutron diffusion equation ;é -

»
e

2 4 - =13 ~
DV e~ 0+8=0%¢ (1.2.1)

. . The®source is composed of three. terms, i.e. .

=8 ™+ S_+5°
S SP D ext (1.2.2)

P L

where Sp prompt neutron source, .- v

) - - L] . “ . =
f§*\\\ : SD = delayed'neutron source,

\ and Sext= a sdurce of neutrons entered externally,.as from a
. . hal . - N

-

Rlutonium-Beryllium source. * °

’ s ‘ .
t)'Not-all neutrons are emitted immediately from the fission procegs.

0

' Th9 prompt neutrons are emitted within 10"1 sec. of the fission pfocess

itself but there are other neutrons called delayed neutrons. They arise
4 * ) ‘ g .
. . from the beta decay of some of the fission fragments. As an example,

.

Kr-93 is a fission fragment which has a half life of 1.22 sec. This beta-
- . decays to Rb~93, but it is formed in such a highly excited ;fate that a - °

X o ‘ : - v
neutron is emitted following the beta decay and the reactdof'is thus, &
Kr  ——b . m 2 T U

" 93
_ ' | 1.22 sec. i ~10f1& sec, % °

- .. -

There are some 30 of thesé neutron precursors-(?BKr) which produce neutrons

v ~
v 9 -
B .
. ' . .




;ﬁroggh beta decay.\ . ' -

~ >
. .

' /‘ . >
Since the half-lives of many of, these precursqrs are very, cloge to
7 .

each other, it is necessary only to consider six delayed nelitron precursor

L]
¢ o SRR

groups which are-averages of the 30 or so preéursors, appropriately

® . -

’

L]

1

weighted. -The delayed neutron ptecursors we talk about are thus fictitious

i that they do not actually exist, but are averages of the attual

' * - precursors. Table 1.5.1-(section 5). indicates the groups of delayed

-

: \ \

.
¢

k4 LY
in uranium and plutonium.- . ) S

\ ;#j The frac;ion“bf neutrons which are
o I \ , . ’1 N
* B‘; 0.0064 and the total delayed neutron -

A4 - &

ifdividual ones, i.e., r ' y

-

neutrons obtained from.these six precutsors for neutron induced fission

delayea is called B. For

v

A}
235, .

raction ‘is .the sum of the .

‘ 6 .
. T B=3 By (1.2.3)

) o ' o i=1 %

°, Returning now to the diffusion equétion,.we tan)set. , .
¢ . N . l
L s, = (1-8). vif o (%, t) n (1.2.4)
: M > (1.2.5) :
ang— Sp = S: Ai Ci (r, t) ] .
L" . - R 121 ” : :
- where Ci’(;’ t) is the precursvr concentration of group "{", i.e., the :

. 3
number of precursors/cm” e
) o Yy ’

precursor Ci

7

So our diffusidhn equatidh becomes (Equation 1.2.1) -

S,
- ’J

: 6 < N
, w10
D’ § -1, ¢+ (1-B) VI ¢+ iZ=1_ A Gy (B 0 =%
: .' ' . S
R Y - .
) e

-

.~

o . - ‘ ‘ .1.0

-..: ‘ ' - * "

xisting at point T at time/t.\ Each time a

dec;;s, {t is assumed a’delayed neutron of group "i" results.

. .
’ .
]

° - -
(1.2.6) -




i ' [} . -

»
- \‘ . . e \ . e ' ]
Equation(l.2.6)has four indepengdent variables, X, y, z and t, and’

(2} 1

seven dependent variables ¢, Cl’ C2, ceey C6' In order to solve such a
~N N ) * ) . /

L system of equations, we will havq%go write six more equationg, one for-:

. each! of the precurgor concentrations. The rate at which the precursor
"N . '_) . 3 . . .
. . .concentration changes is ‘ .

* e T .
sz ¢(r, t) "’Ai Ci (r.: t). - (1.2.7)
: ) ! J

- ’ N + N Al

) Ci (r, t) = Bi
A I -

rate of formation rate of decay

i=1,,2, ...,6.
y . N . ‘ -
. This system of equations is relatively difficult to solve so we shall ™ .

A5
/
work analytically with Equation (1.2.6) and (1.2.7) for a while.
’.' > , v L)
. Assume that we want to expand the spatial dependence of the flux
) : ) ¢(?, t) and the precursor concentrations Ci (?, t) in terms of a set of :
. — .o ~
$ elgenfunctions of the Helmholtz equation
\ .
2 + 2., o,
i v Yn (r) + Bn Yn () =0. - (1.2.8)
[ * t .‘ , - o, . “
. The reason for doing this is that the solution for the steady state satis-
i ) same equation with coeffjcients which are time indepéndent. In
. ~ the time dependent problems the coefficients are functions of time. The .
° - N
~ A - . '
S u——j§zigegfynctions Y (?) are Cos Bn x for a slab reactor, Bessel's
/ functions for a cylindrical reactor, etc., In any event, we set .
L ' -»> w‘“" ‘ ) -+ : ‘
> ¢ G 0= o (Y @ SN CH X

, . : . n=0

11




et . 3

‘e . s
» ‘. »
-7 - \ )
’ -3
. "‘ .
and ‘ . ¥ -
.\ 4 - '
¢ (G e =2 c, (Y (™D. (1.2.10)
- . i =0 in. n .
A . ‘\ .

7.

We note that ¢ (t) will y1e1d thq;amplithd‘gbf the m— th harmVnic-énd

n (r) its spat1a1 distribution. Substitutlng these erpressions into

»

\ "  Equations (1.2.6) and (1.2.7) and using Bquation (1.2.8) we obtain
. . . » .
.

E—Dan 3 (1) = za$n(t) ¥ (1-8) VI, .0 (.t)]Y
6 ‘o ! * ©
Yy e =T oy @® 2, (0

" n n
~i=1 n=0.
’ e ! N _

.
<
AME

{
.

. . L4 :dé . ( t "" L '
. * Z: Y (r) Cint B, VI, & —a, Cqn (0] YD
¢ n_o dt n_o [ i. in \] . n
~ £

a

n=0 . dt .-

Now using the fact that the Y (r) form an orthogonal set, the preceding

' equation is s1mplified by multiplying it by Y (;) and integrating over

.o the reagtor volume (taking the inner product) to yield - — |

d¢n -(t) - "‘(DBnZ

1
v dt

ane

ey . .« -
+ 25) ¢ (t) + (1~B) VIg ¢ (t) f

-— : ¢ ’ .
6 ~ >

. . : S A Cip (0,0 (2.1

) ' 1]
. /. ]‘ ,

[

- . an d , g . v, .

N it i

\ » . . . . v’ ) .

Now it is necessary to solve these two equations for the expansion

~

" coefficients ¢P’(t) and Ci (t). ,This 1s a very difficult&task so we
| 3 n 4 : . ) '

-

\)Zf %n (t) "' ‘Al E,:in (t)- ) . " (1.2.12)b

o




make some definitions and some approximations.

First we define the mul)tiplicat§9n kn as .

. % -4 - .
~

C
K o v 1:"f./za ’

, . n 1+32L2
. , n .

and the thermal neutron lifetime

2 = 1 . . - ‘
n s a+B iy : ©(1.2.14)
a -n. N o b= 0

-

The next thing we do is assume Tthat there are no delayed neutrons (there
s ‘ ) i

are, but assume for the moment we can neglect them). Then'Equation (1.2.11) .

becomes (if B =0), . - ’ <,

b (t) _ - 2.2 | p
EEE = -vI, (%/+ L‘ B ) ¢n(t) + v ?Zf ¢ (n.
) e

7.
+

Now usiné Equation (1.2.14) we have

~ :, =, - T X Au

do ~(e), - ¢ (t) .., L _au ~

) dn. . T '+‘vvi—.f_— 1:ad)n(t)’
: t au a N

The solution of Equation (1.2.15) is obviously
: c k-1
‘ n

%n (t) = $n @ e *n

-

t

® .

13-




A

- e \ M .. - . . -4 . . !

~For-a typical light, water reactor, 9.0 = £ = 10 'sec. and ko
h at } , .

From E,Zq:iatiqn ‘(.1).,2.14) we note that .

@

i
< 2
*n

.
kd

_so that the highet harmonics die out rapidly. We will keép only the

-
7 3

fund_améntal ﬁlédé, not only ‘dn the .;.:\olption of the no delayed neutron case
{ but also for the solufion of Equations (1.2.11) and (1.2.12).-
Returning now to Equ%ions (1.2.11) and (1.2.12) and omitting the

-

4

"subscript n siri&e we are ‘concerned only with-the fyndamental mode, we set

P

[ .
. ",¢(t)=Vn(t)° t '

2

where n (t) is the neutron‘density (cm—3), ad after a bit of algebra

. , [

come up with® - s » . . ‘ : .
> Lg : 2 2 S AR

dn(t) =, (1-8) vi= VvI_n(t) -vI (1+B°L) n()+ 2 A.C(0)

dt e s a . i=1

»
-

dc, (b Ipo . L
T = Bivzav-z—an(t) —Ai Ci (V).
2 0

"o %, Using the definitions given in Equations (1.2.13) and (1.2.14) the above

]

equations become




> , .
‘ - ‘I §.r
10 - /
N .
< ¢
F ) N ‘ - B
’ .
‘ rd
dc, (t) ’ . .
i k
dt = B3 “<’f? -6 (.
¥ . g/’ - .

k is the effective ﬁultipficetion, and the effective neutron lifetime is

1

« depoted as L. If we drop the' tilde on the C,'s, then we have

) 1
.y ' T d—";%l = }l"s)k"ln(t) +Z A £ € ® Ji.z.ls)
: N : “i=1
' (3 and N
E ' iCL_(t_)J 8, % n(t) -0 C [OF ' (1.2.29)

dt _i

These are called the fundamental mode Teactor kinetics equations, in

,that spatial and time dependence are assuméd separab1e~

LY

’ Sometimes it's convenient to cast these e%\ations into a slightly

different form. The thermal neutron lifetime is’

. . A .
. \ N 1 B . »
. 2 = --a-'- — 55 . o (1.2.20)
' ~ . verssti2’t
‘ - ' A)
# ’ . . .
! . i.e., the mean time a neutron spends in ‘the System from its birth as a
thermal neutron until it's absorbed oy‘leaks out of the reactor. The
neutron gereration timd is defined as- . o
. ) o \\J)\ ,
B . N . 22 - .
. N g © £ (1+ 819 ) :
R S - — . _— =TT (1.2.21)
X v+ 8Py, £ AL
' r o,
¢ ) \ - .

T e
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Y
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©

the reciprocal of the.destruction rate of neutrons and the generation

one more prompt-neutron Or\one precursor. The neutron lifetime is thus

-1 -

The generation time is theiaggn time that it takes one neutron to generate

N

v .

time is the reciprocal of the productign rate of neutrons. With this

~
; - k-1

v

the kinetics equations (1.2.18 and 1.2,19) become .
. 3 -

da (6) _

P

definition and the definition of reactivIty Pa ’

, ‘ - " (1.2.22)

s ~»

6 L
p(t)- -8B
ac R n(t) + ?: Ai Ci (v (122.23)
0

q B TR OO S WA (1.2.24)
) dt - 11 . :

\:// - - (

r R ‘ i = 1’2,000,6 )

. -

Equations°(1j2:23) and (1.2.24) are used to describe the time behavior

£
.

of a reactor. .This form df the equations results if multigroup diffus;on

theory or transport theory is used to derive the equations but the

definitions of,}, A, p, k are modified.

€ Ll
arameters to th stem of uations.

\ v
[ 4 N
. w#
- ¥ ’
=
- »
Y
.
N .
- 16
L )

- P 3 \ s
We‘will assume they are- input
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_and if the k = 1.0010 and £ = 10~%

Problem i.2.1 ’

.
-

Estimateé the neutron Iifetime and ne

L3

,infidifé stack of graphite and U-235 if o,

and there are 500 atoms of carbon to each

e

H—238 present. o = 680 b for the U-235

JER

a

Problem 1.2.2 .

»
.

Estimate the period ©of, a reactor if
sec.

. I
it takes for the flux or neutron density

utron generation time in an

.

=5 x 10" b for the graphit

.
)

atqm of U-235‘
and, take v to be 2200 m/sec,

.
v

there .are no delayed neutrons
4 : '

to increase by a factor of e.

.

Problem 1,2.3

: A A o .
Let Y, = C,(t) -g—i and ‘ap = B/A, Show that the kinetics
s N i o . ‘ ',;
_equations are then v ' :
S * 4 " . .
L 4
2, P -
. \ dn -
ac = % [ (-1 +Z a, Y,]
, ' ,i=1 .
and ’ g C ' ,
in\ ”%&v ] o .
rraiiial 1 [n(t) - ¥, (0)] - ~
L« axl.’7"' = "‘\é'\#l_ ,
J' t). M “, .
- where p Eé-) an§ a, Bilﬁx
D .
) ._:,."43’, \

%

T
y
.

w
R}

“«

7

e -

There is no

’ .
The reactor period is the time .




»

1.3 Analytical Soiutions of the Reactor Kinetics Equations

/i ‘ .
ro. " The kinetics equations are relatively difficult to‘sblvé;both
* ’analytically and numerically due to the large difference in the time constants
in the equations/as well as due to the fact that there are seven coupled
, 0 ordinary-differential equé.tions if there are six delay;ed neutron groups.
. Eq‘uations (1.2.23) and (1.2.24) are repeated here as ' .
) - L. 6 ‘
. - dn t) -8
T ﬂ—% n(t) + Z-')‘ici(t) (1.3.1)
. ) i=1
* - - ”
. . (, . .
and . r )
dc,(ty  8n(o) | L
at = A - )\ici(t) i=1, 2,..., 6: . (1.3.2)
A ' ' ) .
' If we assume that we can take an appropriate average for the delayed
< neutron decay congtant, then it is possibile to collapse these seven .
equations into, two eql{xations. For one effective group of delayed neutrons, )
, * ' . 4 ¢ v 7 A
)qtmtiyl.&l) “and (1.3.2) reduce to - ) ,
. Ry e IR 1.3.3)
and ~ - - *
» 2 : e o Ly - e, .36 !

_The Tigcay'constmt, A for this average delayed neutron precursor C(t) is ’

*

[
A\

6 B )
. 1 1 Z i
= o= = — . . (1.3.5) .
M\ 8 = Ai .

-

] «! oA, -
4 !

. 18. . : :

-

R L

3
e
ey,
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This average is not unique and at times it may be.advantageous to use

-

another expression for the average.‘ If very small reactivities are added
to the reactor, then insteasiof.averaging over all six groups, perhaps
only the longest three would be ‘used.

If only one group is desized Equation (1.3.5) is used to detérmine the

L4

effective A and B is simply the sum of the Bi' For two groups, we splft the

-

8's into.two groups of three each and

3° 1 llf 3 B8 -
= Z Bi’ _X- = 'B" Z ‘Xi' ’ (103053)
i=1 1 1 i=1 "1
@ % . >/ .
"and . . ' . -—
v 6 . h
6 . 8 R
101 Y 1
g, =2 B == = - . ) (1.3.5b)
2 I v da By Amh A :
> V.3 '

For three groups, the 8's are split into three grouos of twd components each

and for four groups, the shortest two groups are averaged together as well
as the next shortest two and the#22 and 55 sec. groups are treated separately.

.!

We will solve Equations (1 3. 3) and (1.3.4) aubject to a canstant .

b
Q\

reactivity insertion Py at time zerd. In order to do this we recast our .

equations into a matrix form because of the similarity to the numerical

q
« technique (Hansen s method) used in the solution of the equations. In matrix
A '
form, Equations (1.3.3) and {(1.3,4) become . ’ T .
” dp(e) -
t & = Ae (o (1.3,6)
¢ ‘t
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- .0 LY - \“ .-']:5..

with \ ‘ R
. . , _ _ )
n (t) N N °o 8 X
- . 3 A
() = and A = ,
” —B-‘ ! ’
c(] A =

. ‘(“,q»., , ¢
Notice that the A matrix is independent of time if the reactivity is a

' o

constant. Equation (1.3.6) can formally be integrated to yield

' Ax. o h .

i (t) = e . i (0)' . (103.7)

]

The initial condition vectoy ¥ (0) 1is

. . n(0) 11 ‘ .
v () = = n() g(lﬁ
Y - .. B__ . ¢
i c(0)} Y
where we have used Equation (1. 3 4) and set the dérivative x 0 for t < 0. !

dt
Whenfreactiv{ty 1s added at time zero, the delayed neutron precursor

concentration c(t) does not change until after some time, It is assumed ". /

that the, reactor has been operating for a long time at a reactor power
consistent wig‘ a'neutron density n(0)".

The formal solution given by Equation (1.3.7) is not much good if the .

explicit functional dependence of n(t) and C(t) cannot be obtained. &he

reason no explicit functiona%ldependence is aehieved from Equation’ (1, 3 7) .
N1

is-that matrix A,is not diagonal. This means we really haven't separated

the equations from each other. 1In order to demonstrate how the solution

can be obtained we imitate the techniqué‘used for the solution of an

R

L
P eleatd




ngh order différen;ial equatidﬁ? i.é.hgét .

B ——

-

p(t) =, et v, . (1.3.9)
NN ‘ .

where v is a constant vector-and w is a scalar independent of time.

=

Substifuéing this into E&uation 11.3.6) wé have g -

i

-

* wt
e

Av s wyl N : (1.3.10)

- o
. 3 N r. A AT “ A -
Now it is apparent that Equation (1.3.10) is an eigenvalue equation so
.. c ) - : -
oo : ‘a - E) .
g ' A= uLR= 0 . , (1.3.11)

L™ ?

d -
! >

must be satisfied to determine the eigenValue w.” This equation is called

-

the characteristic équat;onnand in reactor ayhamics’it is called,the "in-
= % :

hour equation" because it reldtes the reactivity“inserted into A with

e

‘ o ' PO - .. :
the w which is the reciprocal é%‘thélreactor period. :

v

. ; . s ,
The inhour -equation (Equation 1.3.11) for the one group delayed neutron
N [ ] . - )

model is

4 * ©
<

™
. ~8

w

-~71.3.12)

T . - . AR
v T2 C e
v Aw + (B-p.tAw)y-rp =0.7
- . o. 0 ¢

-
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. . . * 4‘? © ’ @ °
Equation (1.3.13) can also be written 4s, ) - :
. {
» e ° " DB(]) ] ; . R -
p.= A w +—— (1-3-14)

If we had kfpt all six groups of delayed neutrons, Equation (1.3.11)
- ' N 4 . ' -
would be a 7 x 7 determinant and Equation (1.3.14) would be enlarged to

} . ’ 76 Bw .
; . o =hu+y —_ : (1.3.15)

. : . P TR - w + .
. - . =19% % j | -
i ' 'V. ’ ’ g . :,
' - v - . v o

The v of Equation (1‘3.10) is-"the elgenvector associatéd with the
Q

eigenvalue w, ‘Now 1f we perform a s:lg..milarity transformation B on A, then

-1

. both A and l=3 AB ‘have the’ same, characteristic equation. Also the fact
¥ N :- - . . R
. the fact that the trace of 4 is the‘isum of the eigenvalues of the matrix A

l _1s a USeful check on the actual calculation of the eigenvalues of A. Frt_)m

this lasts fact st is apparent that the sum of the two rocts Wy aan (the

two eigenvalues) of Equation'(1.§.13)‘ is,g,iyen by the relation

, l’} . . . . ® . p<°_8 [ . -
’ - ’ - = Ta- . . . . N
wy + (:2. o A ‘ (1.3.16)

7

N
- v ’ -
» . . . . - .
5 N . N

The eigenvectors vy a.nd V2 \associated with 0y and u)2 respectively

are obtained by taking the cofactors of the element in any row of

»

Equation (1.3.12)’, To see how this Wotk{;", we set . )

‘e < . . " TR & -
. © } ' J V11 e V12| o

| | v, = .and vy = -

. LI . V . . ) v .
- . N 2 ~ L 22

« , B W< N ®. .
P and have .v,,, the cofactor of the element a,; ='u,, as '

“» ‘- - .
-~ RN . . . ) [
A . .
Fsed . > . S . . ‘
e - “ 2 ! 2 . ' .
> « . .
.

.

s
¥




¢} . )
) . ™ s - i ) )
‘¢ R ’ :
Vll = - (A + (_01),’
. . 9
“and the cofactor of the element X of the first row as '
S : o , -

- SN . '

) , vy, =. - B/A L ’
~ ¥ 1Y . N

. Similarly, for the vector Yy we have for the second row of |A - Lul ,

«”,

- , , DO"B .
,, ’ T TR Va2 TTA T Y2
NotiTe that to get the _y_l, we us theaeigenvalue wy and for Vo5 we use . /

L { D .. L
the eigenvalue w, in Equation (1.3.12). Therefore, the eigenvectors of A

are (to within a constant)

— v -—i‘ - N

. . A+ Wy . A ‘ -
NI Y - amd ¥, = ¢ e
A ~ _B_ s B-DO o '
v A A 2 '
. -’ b -t e -
-~ \ : I - .
These vectors v, and v, are linearly independent since the eigenvalues .
are distinct. ’ : AN : o
> ®
, Now since we have . T - '
é‘\_li’-'-'gni_\il', for 1=1,2 , SR
- ' it s .apparent tth_ the similarity transformation ) 8
T - N .
A B = B D | (1,3.17)
N ] . . L . J . \ . X .
~ * N .. . . / w » )
. ' ho!,Qg,. where D 1s a diagonal Ar‘natri:x having the eigenvalues as its elements,

\ . . R -7
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, . ’ N :
&l -\ ’ f .
s . - 19 - ) .
- ; ; . ‘,
[ ~’ . .
N :1 ‘e \ ' o L
&
. i.e. \ -
\ ° )
J 2 .°
. ’ ‘2 = ) - IS * : " ’
w, . ) ‘/ -
3 {t . >
> / '
and . R L
. . . i {
_ B = [ 5y .Y ] . \’-.*/. - .
These two matrices are now completely determined for the one delayed e
. he 5 - . . / ) . .
neutron model, ) -
“~
Y r e - . , .
If we make a transformation h .
. "%y () = Bz(v), (1.3.18)
. ! A3 .
. then .
) . * Y .
‘ . H (t) - "'l
{ . dt - 2 é E{ _Z_(t) P -~
s ' ' . Dl°
‘ = D 2(t)
and its solution i$ obviously ' . *
A oot Y ot
. e o] > ‘ v 7
. ) ‘ . gt » o0 (
e 2() e 2(0)'= e~ ,Z(0) : (1.3.19)
- Ry wzt ' .
0 e ’
> L - J ., N
% v e~ Now using Equations (1.3.18) and '(1.3.19) we have
: . - e <, )
. ¢ o ' gt -1 B *
. ' <(t) = Be B "y (o) . (1.3.20) 7 &
*y’f'i‘: ° ) ° P
‘ * , ‘ )
> - . . hd B '. ¢ i
Foet ) B ¢ ":3
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-
~

This .1s the solution of the kinetics equatie.oﬁs.' Notice now that the exponential
. 1 \

&

is a diagonal matrix-so_the separation of the equations is effected.

Dt
~ e
“ ' We now write out the details of this’procedufe. The transformation
matrix B is ’ RN ' . ) .
’ - . . — — . .
/ - A+ o A t . 4
B =_.[v, v, = ;
' = Tt B
) ¢ B-p
. - ¢ ) B/A T te . )
) . - - (S
) < : ) ! " .
and the determinart of B is . . .
) /7 .
oo ‘ B=p, A .
det B = w 0, + R CN + sz - - ~(1.3.21)

N . The inverse ‘of B 1s -.
. | — . -
o
R 0 +, w, -A '
-1 _ 1 T,
-y B ;
! o7 . . .8_ A + .
\ A s ;
) + The' s,olution_bf the one delayed neutron group equations 1s obtained
. < i
‘ from Equations (1:3.20) and (1.3.8) ' - \ ‘
— - . _' t. " v
. ; . Ao, A ]
_ n(o) Bh ' ) '
. - (D) det B ) . . .
- v T ' :
* . ‘. B =p ' . .
. . . —_— Ie) Y
{\ oo | A . et @ . )
S -’ .
. E S *
L . .
. ‘ ) .
- f; -~ P
. LT 25 - .
"\ ”. i '
‘ é' e _’v . o . » ‘::‘;?. i
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. : x .
e , r E_ . . .
. = _oA)\ j ’ -
) . -~ R “:.
» v «‘
- B w,t s 14 bod )
L - f p w,B w,t . .
: - To)(A +w ) e 1 2 \
(wy = % re v e - ‘ ( .
' Ce - _.B_g_r:L_ > 1 2'
' - Det B : ’ - ; o (1323
A\ @ ’ . »
. . P w,t B-p w. B w,t
S PR g O 4oy oL 2
o~ : S W +‘(/§W.+““’2)_Mke .
. —y ); £l _ 3 J . o
N N '. ‘ l. - g
Even though Equations (1.3.23) represent’the eXact solution df the problem,
AR we are generally not—cbncerned‘with c(t) so we look only at the n(f) L
- ’ 'equatipn. Also from qugpion-(l.B.lB) we have . ' . - . .
& o ‘ o (B + AN t\/a-p°+’l\k)2&+lokl\p - :
- ; / Wy, = T - = = o, | §l.3.28) -
1,2 LY o 2 A . - v
‘ J L . ' \Q - .
bq LY Rk = M .
- -t : 26' . L
¢ Bt h ’ ) ' b *
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FAN

m ‘~ RN
- . “r
4 - 22 -
- %}fr * < M% T
Note too tha ' ‘\ .
w,ow, = - iﬁg - ’
oo 1% % 77K | (1.3.25)
and in agreement with Equation (1.3.16),
e e e S BB+ AR -
" ey tuy = SRR : 7 (1.3.26)
A 4 R Ca

’ :"3,"»5"

. T 42 Py A
- + —
(8= 0g * AN [T g 5m
o '—\ . . " * e
or ‘ ) )
T L WMo _
N A Ry LR B o
. ) - - ‘ :
. - : g
When this is used we obtain
. " #\.,”‘\‘ D V) '.f:':‘ B-p » . . *
' . , L 9" . - o
J O W= S A (1.3.27)
h LA . B T , ~
Note that if o, is’/ positive, ;he%:wl'is also positive. 5

Now if we apﬁroximate W, (the positive sign) and w, (the negative sign)

TR e

. in Equation (1.3.24) by assuming that

) \
B8 - Pyt AT >> 4 o, A,

’

which is true for most reactors, we have the radical of Equation (1.3.24)

2 -~

equal to

[ : \
The determinant of B is involved in the solution of n(t) so with -

the abqye'approximatibns as 'well ‘as by using Equation (1.3.25) we have \:

hd - , L R ————
. -27 . «
4
- -

. : - ' ’ Al - -
. . ; . . ,

- . +
+ - 3 - tadam,
e " " . P
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, = 23 - .
" . LS rd ¢
-— Ap . Ap v
5 A 3.28
. ( det B = - _A_o_ + x (B-QO)A" “I‘\i'—' - Kkﬁ ((1.33.28)
4 r - o l
> . . ‘
‘ o Equation {1.3.23) becomes, using Equation (1.3.28),
’ N t . pé v B'DOJt .
n(t) = n(o) - e A ' '(1.3.29)
- B-p
. o -/ 3 x
This approac_imaté solution is ‘very useful in obtaining checks on numerical
: ¥
solutions. The character of thé solution is also exponential.  This will-
' ) ) »
' . play a role in our numerical technique.
: S L~ g
-//-. ' - ’
Problem 1.3.1 . -
" Assume that p(t) = 0 in Equatiops (1.3.3) and (1.3.4) and obtain a solu-
tion of the kinetics equations.
R
Problem 1.3.2 B
" X . °
Prove the theorems - R
a gt ap-al-la-al
and )
] 2 .
~ b) trace A & Z wy .
i=1 . -
Problem,b1:3.3 ~
) Why does Equation (1.3.17) follow from the eigenvector equation
Ay = 0¥
: - !
q v
Problem 1.3.4 .
3 ﬁsing the‘séme‘s‘pproximations as used in developing Eqﬁation (1.3.29)
G - & : - o
Y Q establish a relatic’m. for c(t). )

=

@
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1.4 Numerical Solu‘fdh of the Kinetics Equations

<

The reactor kinetiés equations are difficult to solve rumerically
by "standard" Runge—Kutta of predictor-corrector methods. The basic

. . . ¢ . A

reason becomes apparent by looking at the one—delaygs neutron group

Y 3

equations which wesrepeat as

¢

dt

’

dn(t) _ ;Ati;e 2 (o) +Ate(t) 4 (1.4.1)

B e R ) (1.4.2)

[} . .
° ’

‘The very short- time response A of the prompl neutrons 4s .of the order of
-4 ’ 1
10 ~ sec. whereas the delayed neutron time response is 3 or about 10 sec,

a factor of 105 greater., Thé implication of these .facts, is th@t in order to

obtain the prompt response, very small time steps, of the order of 10—43ec,
are required. . But then béfore the delayed neutron term can come iﬁto pléy,

~

many time steps are required. Also, to eihmianthe response out td even one
second, 10,000 steps of'caLculation'would be requiréd, . e
’ : s e - .

. There are several methods that are used to ameliorate this difficult

problem: , .

¢

1) Using a Laplﬁce transform techpique. .

v

.

2) Transferring the differential gquatidhs to integ{si;;quatipns.

4
» . ’r

Fean
.- 3) . Using the eigenvalue method.

We choose the last technique and refer to it as Hansen's method (4) after
- - \-.- A . ~ Lo
1its originator. The method works for varying reactivity and can be extended

»

el et Ve b e O
2l . S .
i v
2
{ : H .
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to systems with feedback. ’ -
- e - ' v,
The basic idea of Hansen's method 1 relatively simple. We again
write Equations (1.4.1) and (1_.4.2) as & matrix and set ’
A . : ‘\' . . Iy . ‘
dy(t) : - -
: e AY (1.4,3) '
. ' . . ) v
where A and y are defined as in Section \3 of this module. We will also .
. E . ’
only perform the operations for our one layed neutron group model, P
. L] ‘ \ . .
Now set. . .
. A = LD+ (1.4.4)
¥ where - - . °
— 3 oy p— e )
p-B
: 0 0 e 0
- - A
L= , D= : u T
3
} . ) | A 0 0 A
: and ‘ . . ’
- . g- ' v
. : : 0 T A ’
- S . g = . ’ !
g & - o
b 0 v 0 ¥
‘:, . N - - ;‘ ) o %1
B ) 0f course, for all six delayed neutrQn_ g¥oups these mgtrices would still
s i have 'the same meaning. Equation (1.4.4) can be written using these K
‘. . definitions as . o . K
- o L :
iep (1.4.5)
o -

R
N
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) ‘ .
Equation (1.4.5) does not appear any simpler to solve than Equation

. ) . .7 ..
. . (1.4.3) and in fact it isn't. The reason for splitting it up in this fashion
< is to develop an iteration procedure. We assume we begin this talculation .
. ’_ 4 . ;
. . A
\‘B . from a time t and advance to a tipe ty We get , h( , y <; \
! . . h = t:.l - to . ' . ' . . (1.4.6) * .

$

. Siné&’é/is‘a diagonal métrix, an integrating factor for Equation

. -Dt .
= h]
K (1.4.5) is e if the reactivity doesn't change mych during the time interval .

-

h. Therefore, Equation (1.4.5) becomes
X

»

¥

-Dt  dy(t) -Dt -Dt e .
e I - e Dyp(t) = e L+ W .3t
. o F ., ¥ » ‘
\ L4 . or ‘ ’ .«
’ ‘ . d -Dt - Dt ’ .
C | LT T M) = el @t D we ECHION
N
Integrating rtow from 0 to h we have
X1 ) ‘ ’ . ] . R
' o .
’” o -, . _Et h- h _Bt . . .
‘ . e W) | = S e (L+Dy(e) de - :
v . . ! -0 . . -~ :
: or ’
- ‘ , _ . ) :
o e: Dh .4 D(0-0) S
. w(to +h) = e E(to)e + ‘fo e - \ (L + E) g(t:o + 0)d, (.1.4..-7) JE
! ‘ where ' , - - —
'; ° ) . . . . .
e t, <05t =t +h, .
%;i"h ’ o . - -~ o




and obviﬂﬁgiy in this interval o r

r

This -is an dn

do = dt. : .

tegral equation singe the' function we're looking for

is part of the integrand. In order to provide a reasonable approximation

.

© to w(e  + 0), we recall that the analytical solution 18 exponential so we

assume

and W, is the largest eigenvalue of the matrjx é. ‘'This means that we wil‘,].,_,b

have to solve the equation (notice this is simply the inhour equation) %

-

f

Ve

<

.

w 0
o

v (t\oéo) = e® y(t), (1.4.8)

I
M .

. v
o

"la-wI] = 0 | (1+4.9)

- ~ ~

in each time lnteryal\for which -the reactivity has c@angedfﬁinci the

N
' reactivity ‘will generally be a‘time/;ependent quantity. )
Insef&ing~Equation (1.4.8) into (1.4.7) we have )
Dh b, D(h-0) w0/ .
. 1] (to+ h) = e i(tb) + fo e (L+D)e !Kto)dQ
el S L\ .N SR ot .
s Dh . h D(h-0) wOLO
= e mﬂto) + fo e e do | (L+) mﬂto)
Dh Dh- .f (v I-D)O o : -
= e, yﬁto) + le fo e doj (L+u) g(to).
. D o fupl Dy ,
o=e (e I-D) T je " v - (LY w(t) . (1.4.10)
' \'. . o 2 ‘
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‘ 1
. ¢ 1 - 28 - .
LN T . v,
. s e . . .
1 . ' | ) .
= ' If we write '
. .. ;o p (e) = wj (1.4.11)
t’ e ' ' .
and
1 v . ) .
. toe . ; ) ‘.. .
v, (e + I}) = wjﬂ ‘

" : ‘ ' /
4 Then Equation (1.4.10) becomes . '
3 S

Dh _; [ whl Dh : L C
e Y+ (w_I-D) [e T . et ](15+_g_)_11:_j . (1.4.18)/

0=)=
= gyj A (1.4.12)
, ’
This G matrix obviously represents
B4 .
. M
* Qh -1 w'oz Qh .
G=e + (wo; - D) [e -e L+, (1.4.13)
Ej .o ‘ ,and it can be written ag .
' 9 (‘ -~ f — .
. — T g K ® h + &X,_B_ h
J : , L—RB h’ &8 = A
. P R
T - e v . wo ( K ) .
v, 4
.. - \ 5 (1.4.14)
. ) 7
I:< .
v . W h - ¥
: o ’ e O - oAb B s -ih -
¢ w +A, . R - . &
[ | 0 1 . ) . . - R
4 - - ' w3 i e
v For completeness, if there are N delayed neutron group3, we include
o e IR » .
*. the following relation for G,
‘ 3 { .
» ] \ . ‘\ . N
}'w' 1 » ,‘ ‘;:.'- ‘. l». -
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If there are six delayed neutron groups, it "is apparent that G will be

o

" .a 7 x 7 matrix. Also this iteration technique as given 5y Equation (1.4.12)

» o is un;:ohditlonally s.table and yields Ehe asymptotically correct eigen- -~ -
_s'olutioni ' ' T n
The nx}mericafi procerdure for the solution of the kinetics ‘equations |
. .is thus: ) . .
. R 1. ,Determine the n'unber of delayéd neutron groups desired and -
‘ * read in the pertinent parameters such as Al, BJ. étc.. Also -
/\ ‘ , choose a time step "h". ‘ , : ’
T2, Construct"the .vector, $(0). This will usually be. L . ‘ B
SR o -
~ T S
. , ' By /2, I
. 9_(0) = n(0) . .
. ) . 2 .
. By/Mh | . o .
v . - L - d . ) ‘ H
3. Determine the largest eigenvalue of the equation ’ >
lé" w;l = 0,' o, e ™ P
, - \ " > ey




‘‘‘‘‘

N
.

- - 4
o . *- This 1s a rather diffic't’.t_lt"step since ii means solving én e

- algebraic equation of perhaps degree 7 to determine its largest

root w . Joo L -
) .

X ' : 4. Construct the G matrix using Equation} (1.4.15). - \

~ o . *

* ) 5. Determine the vector _1}_:1 téh(_are

t

. 3 =6 4(0).

6. Repeat the above steps starting with s.tep 3.
a The_ téchnique is‘\Kt involved and can yield very acc rate'regult?.
’ \ ' . oy, - S

The determination of the root of an algebraic/equation needs some

discussion. We choose the Newtpn4Raphson technique to solve 'thesequat;.on

~

£(w), = a w =0 for, 1KN<7. T (1.4.16)
‘\ . . - - ) . f } /

Let the N roots of Eqlation (1.4.17) be labelled by, ), . . . ., 4 where

the roots are ordered such that Wy >4w1.> Wy s o o 2 wg. For our problem,

S .

- — . : <. .
all the roots are real and there wil]gly be one positive .root depending

«

on whether p is *pos'itive at the time Eep of Interest. We are interested -
. — 1 -
only in W, Also we "assume théé the interval of interest in the roots is

limited by . - . .

R -

9 " — ‘\mo<|——§-| . , -

’ BRI S ™ PR / o
. with AN the decay cc;nstant.co'r;eSponding“ to the shortest lived delayed *

* . ' R ’ 9 . L
neutron group. ' The reactivity can range from negative B.to poaitve B in

¢
. - R

T
D e



. most practical situations. Note that if
y .

g = 0 then w =00
, o

~

and“if p =8, then b+ @ "while 1f p = =By then 0, -y Fd% the last

) ~—; -t

%itnatidn, regardless of the amount of negative reactivity ‘Introduced

into the reactor, the reaccor canndt shut ‘down- fa”ster than a period of

M v

-1 )

T=uw
L (o]

v

= -i"‘— < 80 sec.
1. -

>
4

The Newton-Raphson method is re1ative1y simple teruse. Assume that

we can expand f(w) in a Taylor series about v _, where . wo is the root of-

o

interest.. Then . )

. . dfm_ " d2f(w0)

f(w) = f(o_ ) +h °. 4+ h : 1
Q [v] . —— —

1 . dw .2

+ .. (1.4.17)
dw -

The & is a first "guess"'at the sol'uti»on which we assume to be o(t) /A,
1 - . ) -
If wetruncate Equation (1.4.17). after.the’ firsf two terms on the right,

we have

4 (w,) o

f(w)+ﬁd 0

°1

-

Co
-

The néxt approximation to is then




{ - ' L2 - 32 - & : ..
. \ ‘
} / ’ . . . '3 ’
- and then Equation, (1.4. 18) is used again. If this iteration procedure. is
- used a sufficient number of timés, thd¥ the roots of Equation (1.4.16) can
be obtdined.
Problem 1.4.1 . I ‘ ‘ .
« Use the 'Newtén;Raphson method to solve the equation
. ( ',‘ . - \ ¢ -
. s -ﬁ(: 0. o S
. ' . ) . r
" o Check by the quadratic formula. .- ' .
Problem,1.4.2 i ‘ . .
R ) . " Extend the Newton-Raphson me,th-od to systems of equations. In particular
* . - . . /‘/\\ i hin
©if - : T, ' . .
- fl (xl, x2) = 0 : : . ) o ,

T - , ;

£y (x5 %) = 0

then show that 1if h1 and h2 are the increments to the assumed roots, LT
ii‘ e I3 f af-l" - f -———a 2
s ~h, = 2 . 2 !
1 . det.J v
_ ~and o . - . o -
3 _ . . 3f2 . afl ’ ‘
© of - £, = . .
: 1 9x 2 ox .
x h ’v L2 1
: 2 . Vdet J . g .
s . ° 1 ‘
J is the Jacobian matrix, i.e. = 4 . ”
’ . . oo - : .
s - ) e

* L3
s . s
+ , - g . 3,
. . o
. =
o . L o~ ' - ]
R " S A R " . . 2
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axl

-
-

and det J is the determinant'of the Jacobian matrix.

.

Using this formulation find the solution to the equations

3 , .

£1(x), %)) =




1.5 The Computer Program and thg)kinetics Equations
S ey - ‘ ‘
As has already heen indicated, the kinetics equations offer a challenge

for their successful computer solution. The purpose of this section is to
» ¢ ;

-indicate what models the program will solve. The program will solve the

kipnetics equétions by means of Hansen's method for the following'reactivity

inputs: -
1) A constant reactivity,

p(t) = p .
Sinsusoidal variation of reactivity,

p(t) = Py sin b2t, . (1.5.2)

¢ . [
- '

where po.and bz.muat BE input. - 2 -

.o . . .
Linear reactivity insertion to approximate the insertion

or withdrawal of a contfol rod: . '

p(t) = pon-l bat). ' (135.3)

These inputs:aré—the”most coméon and can be used to simulate many'

_situations. In each of ghe above gituations p, must b;'reaa into the )
computer as well as the "b" or rate of insertion in sec . .The reactivity

uniEs are in dollars. A'déllar of,reactiviky is -the amount inserted or

L

withdrawn which equals the delayed neutron fraction. For example, a réactivity ’,
. . o . - . A

of 50¢ For U-235 where B = 0.0065 is 0.00325 whereas for Pu-239, it is
0.00135 sincey8 = 0.0027. ' °

e

< - The program‘also has an option of elther doing the calculations for

e : < L. !

. :}r ; )




¥ - . K . - . B
The delayed neutron decay’ coifstants are taken from Keepins'

-2 35 or Pu—239

3
L4

daba am} are given in Table 1.5.1.

\ ! ¢
'Delayed-—Neutron Half—Li\ISl s

Yields from ThermaliF¥ssion of U-235 and Pu-239.

Decay Constants and

Table 1.5.1

- ’ - . B 5
Pl . . * . L 4

, URANTUM-235 A > . PLUTONIUM-239 ’
Decay Relative. Decay Relative
Group Half-Life Constani Abundance Half-Life | Constan Abundance
Index (sec)- | A (sec Bi/B (sec) A (sec V) Bi/B
. < . : \
1 " 155,72 0.0124 0.033 54.28° 0.0128 0.035
) - , .
2 22.72 0.0305 0.219 »23.04 0.0301 0.298
- e $ e . ! —_—
3 . 6,22 - 0.111 07196 5.?0 0.124 . 0.211
M
- 2.30 '0.301 0,395 2.13 0.325 0.326
- . . =4 Py )3 /
5° 0.610, 1.14 0.115 0.618 1.12 .0
« ‘ Q ? i /‘,' . N % & ] ?
6 0.230 . 3.01 0.042 \ 0.257 2.69 0.044
X A :
St " =0.0065 ' B=0.0027 .

The computer prog;w for this module is good only for low power reactors

since feedback effects are not taken into account

It does give some idea

.

of the behavior of the pgrer of the reactor for various reactivities as-well

A J
L . . N »

as for the, two different fuels.

r'd




I.6 Input-Output Data for Code FUMOKI

M

.

The-input data required for the program are presented below:

Card 1.+ IFUEL indicates the type of fuel the reactor has. It can either

. 'rw-—be,235U er'2.39Pu. I1f IFUEL 5 - 1its Uranium =235 /

-

IFUEL = 9 =~ the fuel is Plutonium 239, °

4

The format is 12, .

k4

NN. - The number of groups of delayed neutrons desired. NN can be
- . ~ ‘ .

any inteéer :fro;n 1 to'é6.
The format is again I2.
NRO - Type of 'react:I:vity inserted into the reactor,

.

, Thg'forma; is 12.°. .

0,

If NRO = 1; p(t) =g

‘NRQ - ’2, p(t) = Py sin b2t,

NRO ©= 3; p(t) = p (1+bye).
) - LN .
Card 3 :must have the reactivity Py in dollars, read in with an
are read in with units of secnl.

F 12.9 format. The b, and b

2 3
The b's are read with an F 12.9 format on this card.

[y

XL - Neutron generation time. ° ’ .
-

XL must be in seconds and is ‘in an F 12.9§ format.

P

TIME: - the total time period -for which the solution is desired
(segonds) -

H -. The tife step desiréd, again in qecér;ds. This cannot be

-4 . N

". taken arbit\rarily large. Generally c])ne should choose an

, H of between b.OOS}ﬂO/QS—;é.. . Both of these are F ;LO.:S"{

A

formats. . N




“Card 6. IG =~ Output indicator. Thig indicates wh#ther the user would

like to print out the G matrix, the flux and time step or

»

not. If 16 = 1, then the flux, "G" matrix and time

step are all printed. If I6 = 2, G is hot printed out.

r

This is an 12 ftrmat.

.

Card 7. XN - The initial neutron density.

<

» .

XN can be anything you choose but it is in an F 10.5 format.

13

-

An ‘example of an input data set is given below. This is an example

v ¢

where we use Uranium fuei, with one group of delayed neutrons for a constant

- . gt

reactivity input of about 34¢.

R )

v

.
v -

‘00000|00000000000ﬁﬂ00&0000000000000000000000000000000090000000300000000000000000

123 &5 . 8 !wuunuuwuu\nnvnmnszozmmonnmusnmmwnmwmuumm

IIl‘lllIlllllllilllllllllIlblllllllllllllljlllIllll |||ll|||1l|ll|4|||

COMPUTING CENYER

§|51535‘555’515.5’““IZUM““I’I“"NnIlnulsb‘ul nnt

IEERRERER

2222 222222272222222222222222272222222252¥222222222222272222222222222? 222222222
3333 33333333333333333333333333333333333;3333333&333333333333333333333 333333333

Jll3388888188830388$8&8856888&8888888

’3399139%9&939919*311394t»Qdi‘ﬁﬁﬁ!993193995!3!95’193959“!395
NENEY uswuwuuunununnrnunnnntnnnnudmnusu«uuuuuuunuvnsuuswaon
DA L]
~

23332898
AR BEIAAN A

RRLATY,

333489933329

RS
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- g e ’ - » \

]

The’core requirements for FUMOKI are‘about 40 K bytes and the compilation °

e
time increases apptfoximately with the squarezof the number of delayed neutron * -
. : <
groups, all other parageters,being the same, ’
.The'outp;t of the program is simple. The éime, ﬁeutron densipy‘and
G matrix Ean be read out. Aisg‘a plot of the density versus time is
pf{gtgd out.~ ) '
Prob lem 1.6.1‘ ' o . B ) . T el )

Run the sampie problem, i.e. the data shown.

) Problem 1.6.2 .. - .

3

Find the neutron density if you start with 100 neutrons/cm” for

a 239Pu feac;or with all six.delayed neutron groups. Obtain the solution
for a 5 second time span and do the same pioblem with H = 0.01 and 0.1 sec.

. A\
Compare the results. Do not write the G matrix. . .,

«

Prdglem 1.6.3 . - "7

-

239

Run FUMOKI for the case for threé\delayed neutron groups for‘ Pu,

)
with a neutron generation time of 10—4 sec an

. ) - v ) o

p(t) =~$0.é5 sin 5t,
. . ‘/

" Run it for a”toral time of 1 second, ‘time intervals of 0,01 sec and an initial

.relative flux of 1.000. Notice that the reactivity at 0.5 sec is $0.17

and the power has risen to 1.275. o

‘If ydp do ,the exact same problem as aoné for 2 delayed neutron groups
5 . : e . : -
notice that the-power has become 1.268 at 0.5 sec.

’

- 3

s
.

.o . -

o
. {

A\

-

-




& Problem 1.6.4
T . ‘ . - oA > C : .

Given a reactor fueled with 239Pu and assume that you wish to-use a

:delayed-neutron¥group model., For a- relative power of 1. 000 initially,

. show that after one second the power is.2 157 if a rod is being removed

A ! - . Pl T -

such that'ths reactivity inserted is : e

- * > r

‘ - " p(r) = p (1 +5t).
. 3 . : . .

N

- All other parameters are as in problem 1.6.3.

~ v f .

. Problem 1.6.5 ) - \\ ¢ . ) .
. - o )
. Assume a 235y fueled system with a reactivity variation of . \

AN ° o ‘ Iy
’ ~p(t) = $0.25 sin 5t. )

o

\
o

PR TN ]

-

If the reactor is'to be simulated for thtee seconds after the reactivity

is.inserted and.if all parameters,are theaggme as in example 1. 6 3 except
ﬁEor the ndmber of delayed neutron groups then: :
) a).use the twg delayed neutron ﬁodel to obtain the»power as a -
fupction~o£ tiﬁe '

[N
4

N
\

and - T ./

.~

h) use the five delayed neutron model to obtain the power

variation with time. ' N - ' -

3 . i

I " . How much longer did the computer take to do case b) than case a)? ,
: A . ¥

Answer: About 10 times as long. On the IBM 370, the times were 11 03.

& .
. “sec and .97 -sec respectively. Notice also that the power at - ' B

a
-

-the end of 3.0 sec is 0.8154 and 0.8161 fof the 2 and 5 group -

cases respectively.
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. List of Symbols for FUMOKI

.

The following symkols are listed in -the order of their appearance in

program FUMOKI. ’ \ : -

~

L}

IFUEL . N Type of fuel (235 23("_Pu) (Sor9 N\

.
NN - Number of delayed neutron groups

.
:

» Type of reactivity to be inserted.
l» = congtant reactivity
2.= gine insertion
3 =, ramp insertion

x

RO . " Reactivity-inserted

B1,B2,B3 )] ’ Rate or ﬁé%iod at which reactivity is
. inserted. :

.

«

X . . precursor decay constants

‘néutron generation time '

’ s
tota]l time the reactor transient (s),
is to be gimulated

the'time step
putput option to print the G matrix
after lst iteration(to print any other
iteration charige statement MKI 2520)

" initial relative power

fraction of neutrons for each-group-
. $

“total delayed neutron fraction
/

" cumulafive time used in TPLOT
total number of time’ steps H fits
into TIME e

W

,React}vity &t any. time

.
.

nyfber of coefficients in the inhour--.
equation. ,(number of delayed neutron
’ groups + 2)

S T AT T AT S T T e S g e

e e O I A A A < 4
ViR . !
B .




'XNCO(I),
@VX0(I)

o XXNC2

. GG, MAD

K . MoD(I)
/ 21(1)

Z2(I)

. AVEBX :

ANHOUR

GXN

POLRT

TPEGY

b
%
SR,
-

S5

Q -

[mc_'-.» L E

Y ARG T PR L
&

e 3 o “ M

&, 3 & g

L3852,

5
%?

b
Nz
i

o4
%

H*(step number)

[

‘A Newton-Raphson iteration’ technique

,of the power, power and some of the

*

coefficients of the inhour polynomial

degree‘of the inhour polynomiai
(number of delayed neutron groups + 1)
1 st eigenvalue of, Ié -'-wgl =0

column vector ¢

logarithm of power

power
?A

dimensioned TH used in TPLOT

y i
precursor density of delayed neutron
group 1

react%yity

subroutine to obtain the average 8 and 4
A depenﬂing on how many delayed neutron
groups are desired

subroutine to calculate tye coefficients
of the inhour equation
¥

a subroutine which'forms the G matrix )

a
. .

1
subroutine which multiplies G by
column vector ¢, 1i.e. G,

is used to obtain the roots of the
inhour equation to obtain wo ~

I3

A subroutine to plot the ‘vector ¢ up
to and including five dependent
variables. The reactivity, logarithm
delayed neutron precursors are plotted. .

#
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Flow Chart for FUMOKI
»
- k4
8.
5-235U*
Obtains six gr8Up 8's and
Subroutine A's for isotope. i
U 235 . B
. N ' e b Y
. c : € .

Subroutine Calculates ave‘ragé g's ‘and

. 16350 - _ AVEBX 1's depending on the number
K , of delayed groups desired. .
. i ! ) .
' " The type of reactivity
. variation desired determines
! w‘hichfpath to take.
RO1 - ' ROZ2 RO3 Routines which determine .
: Constant sine . Ramp _ ‘ the reactivity as functions 4
. Réactivity variation insertion of time. R
i’“ T ~ s M i
S » ¢
we’ ' 1920 ANHOUR . . . Subroutine which calculates
L . > .the polynomial form 6f the
0. . inhour equation.

0

25,
ATO




’_' L d
. t -
- GG -
. ) 4
() v . ] /i
- ' ' 2 N - -
‘ 7990 . POLRT ‘
. Form
' 2180 XNCO
) 12300
, . : G ]
' 7880 Generate ,
¢, Matrix J! .
, -
o 4‘ 2260 . GMIRX
i @ * N —
: - 2510 GXN .| —
2660, TPLOT o

‘; -
‘@ffﬁs Pl

\,_Z

~

- ’ - ’
*
- »
¢ - -
' . 2 -

s

Subroutine to determine the

largest root of the inhour
equation using Newton-Raphson

1]

method. .
Subroutine which forms -initial
$ matrix; _‘20 \

‘ | a

“Generates the ¢ matrix for °
all cases except the first
% N )
Forms the G matrix = - .
) & o

ey o
L3

* Plots the power, etc. -

Rt
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WRITE (£,40) AL MK 1
WRITE (0,5C) th.P'pNPh'Hl - MK
WRITE (64600 TINF,H MK
CHRITE (bv’O) lhvxf\ MK 1
WRITE (6,100) \ . MK1
FURMAT (lHlpbJH#“#M"?tnn#v*/&u*#tu#tt:vtv##tt KINETICS MODULE | =4MK]

[ EXTARATEWINE 2 RLET NIy YN [“u#mvntttvtt#t#t#r#«tt,/,[Xﬁ;bH INPUT PARAMKI]

QMETER,/ 20hearax sxctronuntencss, /////) MK1
FORVAT (2Xy18H TYPr LF FULL U=23,114//¢2Xy29H NUMBER NOF DELAYEL NEMKIL
1YTr N = 124/ . 1
FOPMAT (22X 21H NH”'\L:N GINERPTIUN TIME = 'Fl|.0512x"(56(,)"/) _MK‘
FORMAT (272X 422K EYPY L RULACTEVITY = 4 124/77+2X,108 R0 = 8 L, F15.3,MKl
15X s #5% o ILy® = Wb llaby/) - - . MK}
FURAAT (2Xo1JH TOTAL TIME GSEO = oFL0e3,2Xs"(SEC)" 45X, " o TINE IMK1
JCNTLAVAL = 1,F7.3,"  (SEC)' /) ’ MK 1
FURMAT (2Xo LTH PUTPUT IPTION = o0124//792X,25H INITIAL RELATIVE FLUXMKI
1 = JFia3./771) : ) MX ]
Fon4aT (5X,22H SIX GRUUP LAMBUA #-E .2x.b(r7.4.2x).//) Kk 1
EARMAT (oX3 201 SIX GROUP BETA ARE 12X+ 6(FTJ5,2X) 4/ /) MK 1
EOIRAAT (/77713000 enxtwxenx END (F INPUT DATA seksxxkkex,/////) MKl
FUkMAT (12) ’ v . MK1
EORMAT (12) ‘ - MK 1
FIRMAT (118 02(F 15a0)) MK'1
FORMATY (Fil.u) - s MK L
FURMAT  (2(F10401)) ' . MK 1
FOFMLT (12) MK 1
FO“ 42T (F10.5) . MK1
v~ ) . MK 1
-------------- OIS SR ITEPATION AND TYPE O FUBL USED YK 1
Lot MK 1
NL=1 MK 1
BNl N s . N MK1
TH=J.C . A . . MK 1
Hl=s 7 S ’ : . \ HK 1
LL=(TIMe ¢H1/200 /011 .o . MK1
IF (TFUEL=5) 13041404190 "MK 1
CALL U235 (8,X) . . . . MK 1
Gu TO 220% . K1
CALL PH239, (sk) MK 1
wRITE (£,80) (X(I),0=1,6) « . . _ MK 1
ARITE (4h,90) (0 LEhIz1,0) - MK1
. < } ' MK 1
-------------- COVOUTE ThHe AVERARE BETA AND LAMDA FCP THE PARTICULAMKL
FUEL ) . . . MK L
. . . MK 1
CRLL AVIHX (B X 64NN MK 1
WRITE (6,210) - . . MK1
FoRIAT (/5% 274 T4 AVFRAGF BETA AND LAMUA,/45Xe 28H~~=—-—m===sg==MK]
l===—~bmmm———— ) MK1
L)sJ 2‘0 L=1y N ‘ MKl
KRITL (642300 Lans(llyaLeX(L) N MK 1
Fijr4AT ((‘Kle‘lU(v!Zv}"): 'FlloSDSXv,HLAM“DA(v[Zv"H) =‘vF1105v/, MK
D2 460 K=l.LL ’ - . MK 1
Gy T3 (2603425322000 hrt “ MK 1
., MK1
-------------- "d{ FLUATIUN T1edel LMK
. . MK L
F=k) . . ) MK 1
63 T1 2713 . ‘ / MK 1
. MK1
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TRIX 8Y. INITIAL VECTOR "

.

oy b ¢ »
- A
-28-
---------- ~==~SEE FOUATION 1.5.2 ;o . MK1 1810
. MK1 1820
R=KO2IRD,THB1) ;. . MKl 1830
G0 YO 272 . AT MK 1 1840
- L . . MK1 1850
-------------- SEL LQUATION lobe3 +  MK1' 1860
. . "MKl 1879
RTRU3(RJ 2 THB1) _MK1 1880
MK1 1890
------- & - -GoHPUTE rne COEFFICIENT OF INHUOUR FORMULA, SEE EQUATMK1 1900
ON 123.13 WHERE NN=1 . MKl 1910
.. MK1 1920
CALL ANHOUR (XL yX ¢8R 4A,NND . MKl 1930
MM=NN+2 MK1 1940
IF (KeFal) WRITE (64230) MK1 1950 -
FORMAT 1/,4X, 3?H (ﬂlFFlclthTS OF INHOUR FORMULA /44X §35H~-—==nu-= MKl 1960
------------------------- W /) . MKL 1970
DO 30 1=1.MM . MKl 1980
MA=MM-1+1 ' ' MK1 1990
AW(MWI=A(T) N . ; MK1 2000
IF (KaGTal) 66 TV 3090 N MK1 2010
WRITE (6+290) T.AW(}W) ) MK1 2020
FORMAT (/45X 2HAG1245H) = LFl1.4) - MK1 2030
E€ONT [AUF . . MKl 2040
M=NN+1 N 3 Y MKl 2050
: MKl 2060
mememem e ——— CLMPUTE THE WUCT OF THE POLYNCMIAL WITH MM COEFFICIEMKL 2070
AND Df TERMIND THE LARGEST EIGEN VALUE WU IN STEP 3 MK1 20890
MKl 20990
CALL PULRT (ACIIF oMol ROUT T, TER Y MM) MK1 2100
WO=A (1} MK1 2110
0GC 310 J=1+M MKl 2120
VO=AMAXLEW(J) 4wl) MK] 2130
wO=vJ N Y MKl 2140
1F {K.NEol)} GJ Ty 370 <MKl 2150
WRITE (64350) Wt ‘ ; MK1 2160
CEUPMAT (/746Xe% THE LAWGLST EIGEN=VADUE =  '4Elle4,//) uwKl 2170
. . N . MK1 2180
e m e fCRM Tet IRITIAL VECTCR COLUMN PHI . MK1 2190
i INITIALIZE NEUTROGN DENSITY, T=0 AND PRECURSOR DENSITY. MKl 2200
- . MKl 2210
XNCI(1)=XN N - MKl 2220
U0 360 [=2+M4 MKl 2230
Jl=1-1 \ MK1 2240
8B=R¥+B(JL). . MK oleieed
CUJLI=B(JILIZAX(ILI=XI ) MR1 2260
: XNCD(1)=C (J1) %xN, , MKL 2270
IF{KGT 41 )GGIKI=GNXCUI1) . MKl 2280
GG(K)I=XNCO(1) MKl 2290°
KR=R&BY - . MKl 2300
TF(K=11330140uy 360 : ¥ uxax2310
Hzhl g MK1 2320
DO 390 Jl=1lM MK1 2330
XNCO(J1)= GNXCO(JI) . T MKI 2340°
GO T0 41) | A MK1 2350
H=0. 0 s e . ) MK1 2360
. ‘ MK1 2370
-------------- CTHSTRUCT THE 6 MATRIX CORRESPNONDING TO EQUATION MK1 2380
1.4.15 AND STEF 4 AND 5 PAGE 26 AND MULTIPLY THE G-MA - MKl 2390
. - MK1 2400




. s
“ 3, - 49 -
v c - ‘ . - ' MK1 2410
ey Vg5 410 LEIL LHTRX (RRy By Xe XL o atleM et () - MK1 2420 ‘
N 96 IF (KeNLo2.ANDL1GNE 1) GO TC 43C N MK1 2430 '
: 917 WRITE (04450) - ‘ \\7>\_,55L 2440
98 00 420 121,84, ‘ ' MK1 2450.
‘99 .20 WRITE (644%0) (U1 TE)olE=14M]) . : MK1 2460~
103 %30  CALL OXN (GeXNLO4MGNXCO) ) MKl 2470
101 IF (KeLQol) WSITE (64440) NN . . MK1 2480 ° '
192 440  FORMAT F 77 +2Xe PHLTy AX g AHT Tt 16X o LHR ¢ TX 4 5HPOAER 15X ¢ 124X 4 2LHLRGUP MK 1 2490
. LULLAYEL NEUTRUN /41Xy oHd ) LXRSHISFC) 45X 3HI$) ¢ 5XaTHE = 127X 10PKL 2500
. ° C 2HUPELATIVED 4/ /) o MK1 2510 *
g 103 WRITE (64450) RyThy by (GNXCTIT Y 1=1 M) MK1 2520
104 950  FOSMAT (1Xe13¢2XefT030eXefFoecsTH2X1ELL4)) KKl 2530 '
105 T THETH W : : MK1 2540
106 FLOIK)=TH - MK1 2550
107 UG=G0IK) - R MKl 2560
108 MAL %) =D, *;?5 ¥K1 2570
109 ZLIK)=GNXCOI2) b ’ MKl 2580
110 72(K) =P \W MK1 2590
, 111 4960 XXMC2(K) =ALJGIUG) ! RN . MK1 2600
112 WRITE (6,500) - o . MKl 2610
113 CCALL TOLOT (ACD oA L1y XXNCL L2t L) MK1 2620
114  48) “FURMAT (7,6Xe16H Tib G=FATRIX o/00Xe 100 = i L) MK1 2630
115 490  FURMAT (2X44(ELLe4s2X)0/) MK1 2640
116 53¢ 5 FORMAT (/775X 70 4 pOReAELrrSRAX FERBSLCRAK LCULAT ). veaMK]l 2650
. | rdsxgnranpiydr gt and) . MK1°2660
117 STOP MKl 2670
118 N0 ~ ‘MKl 2680 ;
C ~ . MKl 2690
< : MK1 2700
C eemmcce mmm—a—- SUAFLUT TN G LVErX 1S CALLULAT NG THF AVERALE RETA ANDMK]1 2710
T e LaMatie ¢B1m Tof pastl OF SIX GROUS, . MKL 2720
—-5\\\ ¢ . MK1 2730 ®
C SUPPPAY TIhy R(UTINL 4 ARLTA ' MKl 274% h
o : Al AMDA MKl 2750
3 C KK142760
. C . , MKl 2770
-
, . ’ .
, 119 SUMH JUT It AVERX [y Xe LonGriui) - vkl 2780 . -
120 JIMENSTIN Bl6)s Xlu)y 8YLeds XX(6), YBLO), YXI6) #Kl 2790 L,
. 121~ £ 12 K=1eN . D ' nEl 2800
' 12¢ XX (K)=X(K) ' . , Mrl 2810 .
123 19 KX (KD =i (K) N MKl 2820 .
124 CoU TU (29030060080 1300 00 fhLUP - MKl 2830
125 20 YE( ¥FOUP)=ABLTALRWN) MKl 2840
126 ' YXANGROUD )= ALAMDA L, X o) . MK1 2850
1217 Gu TO 150 MKl 2460+
128 30 N1 =NGFOUP+] ~ vKl 2870
129 D) 59 J=1aNGRUUR ¢ . MK1 2880 ‘
. 130 YLAJ)I=ABETA(B,ML) - MKL 2890 x
. 131 ¥X(J)ZALAMDALB, X 4N ) MKl 2900 e
. 132 2 4) Jl=leNL . ) MKl 2910
y 133 nz=Jles— ‘ MKl 2920
5 134 v xgJd1)Exx(NZ) . : MK1l 2930
135 49 pldl)==1(N2) . ' > MK1l 2940
136 50 Cur TIMUe . ' MKl 2950
137 60 Tu 14 2 ' MKl 2960
T33 60 ny=NGH -] N d ‘ " MRl 2970
139 J3=2 MKl 2980
{ 0
N . ~ .
’ B -~
W - ’ -
v ™ 4 Zs - @
4 - ‘ . N ,
4 ; Y .
, . .
’ s\ " "
(%4 N . ‘ . * b4
v ’ . l.,- \‘ ~ -~ L
. . v 54 . g ,
. > W - : ;
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'n \ \‘ (' .

£ 4 e
. . . - 50 - .
140 DO §9 J1=1,NGROUP ; .
141 YB(JL)FABETA(BIN3) .
2142 YXIJL)=ALAMDA (B 4 XyM3 ) hi¢ .
‘143 . IF {J1.EQ.NGRUUP} GO TQ 150 ¢ .
144 D8 70 J2=14N3 . - ' ‘
145 © J3=3+l ©
146 ) B(J2)=6X{J3), Co ’
147 70 X{J2)=XX0J43) P
148 80 CONTINUE . g -
149 - 60 T3 15v . g
150 90 , N4=NGPOUP-2 N .
151 J3=2 - . ) . H} S
152 DO LlL Jl=l4R& | .
153 YB(JSL)=ABETA(B,NG)
154 YX(JL)=ALAMDA (B4 X,M4) -
155 D0 150 J2=1,N4 . *
156 J3=J3¥1 -
157 B8J2)=BX{J3) ’
158 100  X(42)=XX(J3} ~ T ) .
159 1197 CONTINUE : ~
160 DU 120 NI=3+NGRCUP |
161 N1=NJ+2
162 YBINO)=BX(NI) ~ - -
163 120  YXINOI=BX(NI} - :
164 ¢ 6u TY 152
165 - 130 NS5=NGFOUP-1 ‘ s
166. ¥3(1)=aABETA(8,2) ) )
167 X (1) =ALAMOA( Ry Xy 2)
168, DG 140 J1=2 yNGRCUP ,
109 : J2=01+1
170 Yo(Jdly=rx{J2)
171 140 YX{JL)=xx(J2}
172° s GO TOVLS) .
173 150% 00160 J2=14NGROUP i
174 v 36J2)12YREJ2)
175 164 X(J2)=YX(J2)
176 ‘RETURN . - . o
177 END ‘
L4 (’ .
c ‘ - e
. C  mememmmm—m—m——- FUNLTION ALAMDA 1S AVERAGING THE VALUE OF LAMADA
%f' SEE EFQUATICN 14305
c . . , N AN
178 FUNOTION ALAMBDA (P4 X4N) ; \
179 DIHENSIS T SNy N coa i
180 B81=2.0
181 8L=0.0 - . = -
1827, DA 10 [=214N
183 B84=81+8(1) )
184 19 BL=3L 8 (1)/X( 1}
185 ACAMDATBL/BL
186 © VRETURN . ‘ ' ) 3
187 ° END ’ -
- . c i 7
o . - . .
¢ = mmmmemeeemeee- FUSCTION APETA 1S AVERAGING BETA .
¢ SEE EOUATICON 142.3 -
v . 1]
’
. - R
\
- v \ M
‘ 95 C".‘
1 " .
. . .
. ' 3

K1
Bkl
MK1
MKI1®
MK1
MK 1

' MK1

MKL
MK
MK1
MK1
MK1
~HMK1

1
MK1
MK1
MK1
MK 1
MK1
MK1
MK1
MK 1
MK1
MK 1
MK1
MK1
MK 1
MK 1
MKl
MK L
MK L
MK 1
MK1
MK L
MK1
MK 1
HK1
MK
MK1
MKl
MKl
MK1
MK
MK 1

K1
MK1
MK1
MK 1
MK1
MK 1
MK1

2990
3000
3010
3020
3030
3040
3050
3060
3070
3080
3090

3100

3140

3120 -

3130
3140
3150
3160
3170
3180
3190
3200
3210
3220
3230
3240
3250
3260
3270
3280
3290
3300
3310
3320
3330
3340
3350
3360
3370
3380
3360
3400
3410
3420

«

-

3430
3440
3450
3460
3470
3480
3490

MK1 °3500

MK 1
MK1
HK1
MK 1
MK1
MKl
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MKl 3570 L
& MK1 3580

~
.

FUNCTT L0 ABEYA (He.t) . ot MK1 3590
DIMENSINN BIN) i ' . MK1 3600
ABETA=0.O s R MK1 3610
DO 19 I=)lsN_ . . v MKl 3620
Ab TA=ABNT A4 () | . MK1 3630
RETURA MKkl 3640
, MKl 3650
0 ‘ = MK *3660 .
MK1 3670
SUR?UHTIN( U= Zdb 1S PRUVIDING NATA FUR BITA AND LAMGMKI 3680
FUR SIX GROUP UcLAYtU NCUTRON FROM THERMAL FISSION & . MKl 3690
MK1 3700
MKI' 3710

-
[

N

onoonh,

-

SUBRJUTTHE U235 (R.X) MKl 3720
Ulﬁ&NSlﬂN Blods X(6) ‘ MK1 3730
411)=.02921 ) . MK1.3740 -,
Bl2)=.09141 MKl 3750 .
8(3)=.00127 - . MK1 3760 ¢+ *°
Bl4)=.,0925% ’ MK1 3770 -
B(5)=.0(374 - * . MKl 3780 .
3(0)=.00 027 MK 1 3;ggﬂz/,f -
X(1)=.0124 . . . MK1 3490 .
X12)=.030% . . . MK1 3810
X(3)1=,111 , MK1 3520
X{4)=,301 . MKl 3839
X(5)=1.14 MK1 3840,
Al6)=3,21 ' . a MK1 3850
XETURN ’ - MK1 3860
. MK1 3870
. . MK1 3880
‘- ‘ MK1 3890
SubhuUTING PU=239 1s PRUVIDBING DATA FOR BETA AND LAMMKL 3900 *
DA SI® LOQUP DELAYFD NFUTRON FRLV THLRMAI FISSIUN . MK1 3919
MK1 3920
MKl 3930

C
e
C
c
C

SUBROUTINE PU23C (A yX) ' , MK1 3940
DIMENSION 816D, X{o) ) . MKl 3950
301)=.0080945% MK1 3960
$5(2)=.93780460 . MK1 3970
B(3)=.000569T0 . : MK1 3980
5(4)=.00088020 ’ LMK1 3990,
8(5)=.,00023220 . ' . MK1 4000
2{61=.00311830 . MKl 4010
X¢1)1=,0128 MKl 4023
X(23=.0301 MKl 4030
X(3)=.124 ) ) - : MKl 4040
X(4)=.325 ’ YK1 4050
X(5)=1.12 . - L . MKl 4060
X(6)=2.09 : . ; MKl 4070
RETURN R MK1 4080
tND : . ‘MK1 4090
. ‘ MK1 4100




\ - - 52~ A
: ¢ 4 MKl 4110
; ) ¢ mgrmmmmm————— THE HAIN PROGRAM 1S TRYING TO CALCULATE THE COEFFICIMKL 4120
¥ C ENTS OF INHOUR FCRMULA FOR ANY GROUP BETWEEN 1 TO 6 . MK1l 4130
c » : MKLl 4140
- c c - MKl 4150,
e . - - . Yoo
h o 221 SUBROUTINL ANHOIUS { XL X 989K oA NN) - MKl 4160
. 228" DIMENST M X(NN) s [{NN}, A(B) MKL 4170
229 . ©  BB=0.O . . . MKl 4180.cone
239 0U 10 [=1.NN . - . MKL 4190
.231 10 B3=88+8(1) o MK1 4200
- 232 RO=R*8D ! N MK1 4210
— 233 JI=NN+2 : ; <:) MKL 4220
234 PO 20 J=1,JdJ . . , MK1 4230
T 235 20 A(I=0.0 @ MK1 4240
o SEE Lel3ol3d Fuk NN=1 MK1 4250 «
, 236 GO Til (30,40+50960170,430), NN > MKl 4260
; 231 30 CALL GL (XL sXeBoRUGAD, \ MKl 42T0
238 GO T4 90 \ . MKL 4280
' 239 49 CALL G2 (XLysXsusrC4A) ° ) - MK1 4290
, 249 GO TO 93 . - MKL 4300
7241 7 CALL 63 (XL oXeBeilq4a) . ~ MK1 4310 ,
242, GG Ta 90 ) UMKl 4320
~243 b0 CALL G4 (XL oXeteRUsA) e 7 MK1 4330
244 Gu TO 990 MKl 4340
. 245 10 CALL 05 (XL oXetoRUGA) s MKl 4350°
246 LU T 90" oo "MKl 4360
247 30~  CALL Go (XL eXeBsRCoAY i MK1 4370
248 - GO TN 9 . MKL 4380
249 90 RETURNM . MKl 4390
250 END - MKl 4400
\ Cr . . ‘ MKl 4410
o c . MKl 4420
S SUBLGUT INE Gl 9G2+G39G49G59G6s IS DIﬁECTLKiyALCULATIMKl 4430
: -C // CZEFFICerTS OF INHUUR FORMULA IN POLYNOMIAL FORM IN- MKl 4440
. c OKDER CF THE SMALLEST DEGREF TO THE LARGEST . T MKI 4450
3 o » THE FORY OQUTPUT IS ALSWREN 4 A2¥WRX(N-1) + A3¥Wr&(N-2)  NKI 4460
. C ’...........O...‘.........Q........Q.......’ AN \MK]. 4"70
" SEE EQUATISN 1.3.15 FOR THE GENERAL INHOUR FORMULA MK1 4480
! o - , MK1 4490
) . ' c - suppunf]Nn RCUTINE Ab624A52,A429A32,A22 AND ¥K1 4500
N . c ) ool XXXy XZeXUp XV4AR o - MKL 45F0
‘ ¢ : MK1 4520°
¢ : MKl 4530
W 251" LSUBROUTINE Ll «(RLoXgBsROyR) < MK1 4540
" 252 , - LIMENSION X(i)e 8U1)y wi3) . - © T THRT 4S50
253 ./ ii3)=xt ) . . MK1 4560
< 254 . al2)=u (1) #XL¥X 1) ~FC ; MK1 4570
. 255 wl1)==RO&X(1) N . , MK1 4580
. 256 RETURN . - - MK1 4590
- 251 END N ‘\\\i\, MK1 4600
. . . - . , - .
258 . SURRGUTINE 62 [XLiX B 4RO W) . - MKL 4610Q
259 DIHENSION X(2)s 8120 Wl4) ¢ MKl 4620
260 Wi4)=xL ] . v MKl 4630
~ 261 w(3)=XX{Bs2 ) EXLEXX( X, 2)-RO . R MKl 4640
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R 2606
- . 261
g KR 268
209

<. 2707

271

. 272
. 273
. 274

275
275

2178
2719
280
281
. 282

' 284

285
286
28317

289
290
291
292
293

E 295

\ 296
2917
298

¢ 300
391
302
3012

3395
306
307

;

» M 1 a
. T T <53
WI2D=XURAALXy 20 +A62(B9Xs2) ~ROEXX(X52) - 7 .
W(L)=-RO*AALX2) .
RETURN . e, v .
END - .
’ S ‘ & N

SUBROUTINE G3 (XL XsB,RCywW)

OIMENSION X(3), B(3), dA(5) N Vs
AS)=XL

W l4)=XX By 31+ XL*XXA Xy 3) k0

W{3)=XLEXY( Xy 3)#A02(ByXs3)-RO¥XX(X,3) .
FHL2)1EXLAAA (X, 3) #0852 (By Xe3) - —RO*XY(Xe3)
WEL)==RU*AA(X,3) .

RETURN
END hr\/
£  SUBRUUTINE 64 (XL aXs5,2CyW) <
DIMENSICN X{4), B8(4), %W(6) s
Wi6)=XL :
M(S)-XXKQyQ)*XL’XX(X.Q) (e ! !

¢ W(4)= XL*XY(X.4)+A62(P X94)=ROEXX{Xs &)
W(3)= XLEXZ( Xy 4) #A52{R 4 X, 6 ) =ROEXY (X34 )
WI2)=XLBAA(X, 4 4) +A420y X1 4)-RUTXZ{Xs &)
W1)==RI2AA (X, 4) “
RETURN .
END ° ‘» & ’

SUE'QJUTl“E_ LY (X‘LIXIH'JCI“) -

Uli‘NSI)N X(5)y U5 all)

w{T)=XL -

ﬂ(b)‘XX().))*XL*XX(K PF=RU . N
WIS)=XL*XYIXy5) +202(ByX,5)=RE2XX{Xy5)

C A EXLEXZ( Xy S) #AS2{E X4 5) =POEXY(Xs5)

W 3)=XLEXU (X, 5) #A42( 8, Ky 5)=RURXZ{Xy5)

H(Z)'XL*AA(X.&)*Ajz(b'X'SP-RC*XU(k 5)
W{L)=-ROCAA(X45) -
RETURN ¢ "

END : !

SUBRIUTINE G5 (XL XsBeRU k)
DIMENSION X(oby BL0)s mi(3) . .
wW(8)=xL . ' :
WTIEXK(R 6 ¢ XDREX (X, 0)=3(
WE6)=XLEXY (X, 6)+ABE (B, X36) =FLEXX(X 6]
Wi(5)= XL“XZ(X.L)*ub‘((.ch)-RL*XY(X 6)
n{4)=XLEXU( X, 6)+x4f§8 Xe6)=Ru*XZ(Xy6) s
W3 )=XLEXVIX, 6) #A32(BeX,0)=RkUAXUIX,0)
WE2I=XLRAA (X, 60 +422 084X 16 =RUFXV(X46])
WlL)=-202AA(X,6)
T ReTuRN ; " .
‘END T . ot

-------------- ~FUMCTIUN A62 FUMGTION AS 3
. A()Z G BLE(X2¢X34Xb44.00) ¢ 02*(81.'“3.'[’10.'0000) +
B3E(RLER2+EItEG4 0 0) IN THAT COMBIHATIONS,
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MK1
MK 1
MK 1
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“K1
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MK1
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MK 1
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MK1

4870

4880
4390
4930
4910
4920,
4930 .
4940
4950
4960
4970
4986

4999 .
5300
5310
5020
51330 ¢
5040
5089
5060
5070 +
5080
5390
5100
5110
5120

‘5130
5140

5150
5160
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. ! c { ) ' MK1 5170,
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i 308 FUNCTIUN A62 (BeXeM) ° MKl 5180 .
e ' 309 DIMENSION X (M), AX1(6)y BlMdy WlO) - MK1 5190 .
3310 ‘ A62=0.0 MKl 5200
: 1311 DD 20, I=1.M { - MKl 5210
312 D 10 J=l.¥ ’ MKl 5220
. .+ 31310 AXHLJI=X(J) ) - : MKl 5230
; 314 AXI(I11z0.0 - ' MK1 5240 -
© 315 WOTEEBUI ) EXX(AXL M) - . . MK1 5250 . z;
e 316, 20 AG2=ABR+W(T) : MKL 5260 .
L 317 RETURM -MKY_ 5270°
» 318 END - . * MKl 5280
.t : ! : MK1 5290 ’
¢ : o - MK1 5300 .
o T ar====AS2 1S ALMUST THE SAME THING AS A62 IN IT'S FUNCTIUNMKL 5310
. c - EXCePT THAT X1 = YIAY2 WHICH THE POSTSCRIPT NEVER AE MKl 5320 ..
. c EQUAL ZMt: THi FIRST CHAPACTER POSTSCRIPT IS ALWAYS - MK1 - 5330,
‘T SMALLEE Trian "0 Mex1 . MK1 5340
C ‘ / ‘ o : MKl 5350 .
S MK1 5360 K
- . , £ . .
: 319 FUNCTIUN A52 (BaXo4) . MK1 5370 .
. 320 DIMENSION X(M1. AX2(5), ("), Wlc) : MK1 5380
321 * 452=0.0 ; * MKl 5390 -
322 D3 20 I=1, MK1 5400
323 0O 10 J=1,2 . . MKl 5410
v 326 10 AX2(J1=x1J) , ¥ MK1 5420
325 AX261)=2.0 . - . ) MKE 5430 .,
3207 WET)I=ALE)EXYLAXZ M) ’ . MKL1 5440
321 20 A52eA5244( 1) - . i MK1 5450
328 RETURN MKl 5469
329 END S . MKl 5470
c : - MKL 5480 -
, . < ‘ ' MK175490 . )
C - —=mmmmmomemees Whu AS A62 EXLEPT ITS ADDITEON OF THREE CHARACTER JMK1 5500 . .- ™ uwwm
¢ . - , MKL 5510 ey
< . , - MK1 5520
339 FUNCTION A42 (RyX.il) . MKl 5530
3 , DIMENSINY X(M), AX3(C),s M)y wWl6) ’ MK1 5540
332 A42=0.3 N . MK1 5550
. 333 00 20 I=1,M - MKl 5560
. 334 ° DO 10 J=laM - . MK1 $570 ;-
- T 335 & ax3taExed) ) . MKL 5580
© 336 AX3(1)=0.0 . ‘ - . . MKL 5590
337 WUTI=B LT I&XZOAX3, M) . MK1 5600
338 20 A42=AL2 W LT ) ) : o . . MKl 5610
~ 339 . RETURN . ‘ : kK1 5620
' Y340 END | X MKl 5630 °
- TC - < . : MK1 5640 .
. v G L. ‘ ’ ‘ MKl 5650 -
- : C . mmmmmeee “==-=~QED AS AE2 EXCEPT ‘CHARACTER ADDITION IS FOUR o ° o " MKL 5660
R ¢ R . * ) . o MKl 5670 _ Lo
- g C . C fik1 5680 o
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341 $+/ FUNCTEON A32 (b,X,M) - 7 . ) ~ . . v o MK1, 5690 |
342 DIMENSION X(M)y Ax4(6d, WIM),  wWled ~ : MKl 5700 * .
343 L/ "A32=0.0 : : - © MKl 5710 |
00 20 1=1.8 ) - . T * MK1 5720 |
©DO 10, JE14 1 g “ e T . MKl 5730 .
AX4EI)=XJ) , N S . ’ MK1°'574Q . . <
AX4(11=0,0 Ve , MKl 5750 ]
W) =BLIIEXULAXGs M) ’ MKL 5760 - .
A32=A32+4(1) R o MKL 5770 .-
RETURN - ' .o s . MKl 5780 ‘ .
END . MK1 5790
. , cL ‘. MKL 5800
' . b . A MK1 5810
----------- ———gFD AS AG2 EXCEPT ADDITION CHARACTER IS EIVE . MKl 5820
. . - ‘ © MKl 5830
. s - MK1, 5840
a - g ) », ¢
352 ¢ FUNCTION 822 (14X, 1) © - : MK1 '5850
353 DIMENSION X(M)s AX510), B{M), Wi6) - e MKl 5860
354 A22=0.0 . . id MKl 5870
355 20 20 lI=l,# | ‘ : g MK1 5880
~ 356 L0 10 Jd=l,¥ : . CMKL 5890
© 357 1o AX5(J)=X(J) : ¢ . MKl 9900
, 358 . A%S(1)=0.0 . ‘ ' : ME1 5910 .
359 Wl 11=8(1)»XVIAXY M) . ] : : . MK 5920 .
360 20 A22=A22+4W (1) - : . © MKl 5930
361 RETURN fv : MK I 5949
362 END v : MKl 5950
o . MK1 5960 o
¢ ¢ . . MKL 5970
A , ¢ e it XX 1S CONPUTING THE THTAL UF X MKl 5980
c XX = CXL#X2HX34X4+eTeagaresatXti) 5 7 1 - ¢ MKl 5990 - -
‘ (v . : MKl 6000
- C , ¥ o , MK1 6010
‘ . . h}
- 363, : FUNCTIUN XX (X¢V) 7 . MK1 6020
: 364 . CIMENSTIAN X{M) . . . . MKLl 6039 {
345 XX=).C : - *gim . MKl 6040
) 366 g 1 1=1.M . ] MKl 6050
367 1v XX=XX4X{1) . . , MKl 6060
368 s RETURN . . MKl 6070
369 . END LI R MKl 6980
T c . . ’ : MKl 6090 }
- c . o " MKL 6100 '
£ mmmmemeee- w——=xXY 1S COAPUTING THE ADDITIUN (F TWC PEODUCES MKl pll0 ., -
. c, ‘ XY = (XLEX24XE5X2 X1t Ra40 00 0ot X2¥XF4X2¥ Kb a0 nr]) MK1 6120 :
c THE FIRST PLSTCRIPT AuwAYS SMALLE® THAN THE NFV/ MK1 6130
4 < 3 ’ _ MKl 6140
. c . : - MKl 6150
- ' ! = > . .
. » T Toe .o . . /
370 PUNCTIFN XY [Xo%) e . . MK1 6160
i . 371 DIMENSTON X(v) . {y v oL MKl 6170
R 372 XY=D.0 e e o . MKl 6180 ¢
L . 373 £ 20 [=le8 @ T MKl 6190 ’
LT 374° DC 20 J=laM7 T . . MKl 6200 .
375 A=X(1) . ~ 7 ’ . “ MKl 5210 ‘
376 B=X{J) - R s . MK1 6220 ‘
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IF (1=J) 10,20,29 : MK1' 6230
Y=A%B ‘ MK1 6240
XY=XY+Y ) MK1 6259
CONT ENUE MKl 6260
RE TURN . : MK1+6270
END ,  MK1 6280
: : MK1 6290
. . B MK1 6300
cemlemmeSoche-Qf0 AS XY FXCEPT IT IS A PRODUCT OF THREE . MK1 6310
’ T MKl 6320 7
MK1 6330

FUNCTION 'XZ (XyM) MK1. 6340
DIMENS LN XTHE . MK1 6350
X1=0.0' MK1 6360
DO 30 1=1.M MKl 6370
D0 .30 J=I.M : MKi 6380
DO 30 K=l,M . MKl 6390
A=X(1) : , ‘MKl 6400
B=x{J4) ‘ ’ ‘ MKl 6410
C=X(K) . MKl 6420
IF (1-d) 10,30,39 ) MK1 6430
IF (J-K) 20+30,30 " MKl 6440
Y=A*B*C MK1 6450
X2=XZ+Y o MKl 6460
CONTINUE MKl 6470°
RETURN MKl 6480
END ‘ MKl 6490
; MK1 6500
MKl 6510
MKl 6520
*® : MK1 6530 -
MKl 6540

FUNCTIUN Xt (XsH) , . ) Mk [ “6550
DIMENSION X{M) ' . " MKl 6560
XU=3.0. MKl 5570
DO 40 I=1.M . : MK1 6580

DO 40 J=lehk ’ "MKl 6590
DN 40 K=14¥ ) X MKl 6600
DO 40 L=1.M MK1 6610
A=X(T) . . . MKl 6620
8=Xx{J) : - : MKl 6630
c=x(x) b , MK1 6640
D=Xx{L} ) y . MK1 6650
16 (1-J) 10440440 ° MKl 6660
IF (J=K) 2044004 MKl 6670
If (K-LJd 30740,40 . " ‘ . MKl 6680
Y=ARBTCED ) #K1 6690
XU=XU+Y - ) . " MKl 6700
CONT fNUE ) . MKl 6710
RETURN ' : MKl 6720
} : : MKl 6730

MK1 6740

g . - . MKl 6750

€0 £XCEPT 115 AN JODITION OF MULTIPLICATIIN OF FIVEMKL 6760

. MK} 6770

MKl 6789°
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413 FUNCTION XV (X¢M) . MK1 6790
g j 419 DIMENSION, X{M) . . ) - MKL 6800 -
o ©j 420 XV=0,0 MKl 6810 ,
L 421 DO 50 I=1,M . S, . e ¢4 MKLT 6820
). - 432 DO 50 J=ls¥ .+ ¢ J MK1 6830
5 423 Do 50 K=!:.M_%;. ' : MKl 6840
= 424 DO 50 L=1,M¥" . . : , : MK1 6850
’ 425 DO 50 N=1,Mp¥e - - ) MK1 6860
= t 428 As=X(1) .. -, MK1 6370
- 427 . B=x(J) \ MKl 6880
+ 4238 C=X(K) ~ . MK1 6890
' 429 “p=X{(L) . o ‘ MK1 4900
430 E=X{N) ) . . . MKl 6910
431 1IF (1=J) 1u,20,50 . : . MK1 6920
432 10 IF (J=K) 204535,50 . . MKl 6930
433 20 IF {K-L) 30,50,50 ‘ MK1 6940
434 30 " 1f (L=t 40450452 - : e MK1 6950
435 490 Y= AR} #CxD®E : MKl 6960
LS 436 COXV=XVEY - . * MK1 6970
. %37 S0 _CONTINUE v Tt MK1 6980
433 WRITE (64600 XV : ) N : MK1 6990
439 60 . FORMAT (2X,TH XV = »F19.10) o °* MKl 7000° -
440 RETURN MK1 7010 '
441 END MKL 7020
c . MKl 7730
o . - MK1 7049
e L AA IS COMPUTENG MULTIPLICATION OF N CHARACTER . #MK1 7050
) L CAA = X1AXZAXK3EX4¥ cascoccaneae o ¥XN MK1 7060
. c - . * MKl 7070
- C s . MK1 7080
442 FUNCTIUN AA &XaM) 7 8 . * MK1 7090 =
443 DIMENSISH X(M) - ° N MK1 /7100
" .. 444 ’ AA=X(1) R . . MK1 7110
445 Y D0 10 1=24M MK1 7120
P 446 19 AA=AA*X(1)ZR . . . MK1 7132
| 447 . “RETURN : . MKL 7140,
e+ 448 END '7 / ‘ ’ - MKl 7150
. c . AN ‘ c MK1 7160
~ c . T - M1 7170
-t C e mm oo FPrIr N A N MATRIX BY HANSEN METHOD 4 G = MATRIX o MK1 7189
- c The FLEST COLUMN , THE FIRST RCW AND THE DIAGONAL # 0 MK1 7190
- c ‘THE REST NF THFM = 0 . o . MKl 7200
) c SEE LOUATIEN Lle4.l5 B . MK1 7210
: o ‘ . .oy MK1 T722¢
., ¢ SUPPOFTING KUUTING  NONF o . 2 . MKL 7230
‘ o . | MK1 "7240
_C - . . MK1- 7250
i N P . . . . . -
. 449 SUSRVUT INE GMTEX (F 4B aXeXL o WUsNebe D) . . ., MKl 7260°
L, 450 . DIMENSINN B(6)F X(6), GINGND 4 : € MK1 7270 °
S 45f Y+ GDUAX HI=LXP(=AX%EH) . MK1 7280
[ 452 ‘GHIRBL e Js HeAX) = ((EXPLACEH) =EXP(RBLAH) )/ (WU=RbL })*AX MK1 7290
R 453 CVIXL oe sHIAX £ XD 2L LEXPUACHH) =GDLAX  H) ) #BX ) /L LWO+AX IEXL ) MK1 7300
. 454 . &R, 8X)={R-BX) /XL : . T MK1 7310.
<455 38200 . o . . MKL 7320
S 456 NM=N-1 N . v 1 MKl 7330
e s 451 D3 10 [=1,NN . ) %K1- 7340
‘t " ’ ~' % - N A4 }
}
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. . N
.10 BB=38+B(I) - , MKy 7350 <
’ 087150 J=1.N ) MKy 7360 T ¢ 7
\3& 140 JJ=1,N - - MKl 7370 o
\ . ‘ . LA MK 7380 . =
RBL= RB(.R 88) o MKgl 7390 - .
IF (J=JJ) 206,60,20 1 7400 :
20 IF (J4-1) 30,50,3u o : ' {1 7410 -
30 J1=JJ+1 . : ' m;l ‘7420 K
IF (JJ~N) 50,40,50 . , \\&1 1430 T
40 IF (J=N) 120,80,120° . K1 7440
so | oAxsxtar-nn ‘ . : MK1 7450 ~
~ GU YO 90 : . - . T MKl 7460
60 IF (J-1) 80,73,8) ° - . #K1 7470 ,
70 GU1,1)=EXPIRBIF ,88)*H) g Ax1 7480
GO TO 140 . MKL 7490 .
80 AX=X{J-1) x - MK1 7500
- GlJedJ)=GDIAX H) . /MK1 75190
G0 TD 140 -, { MK1 7520
90 IF (J=1) 11041UC,11¢ : ' ; MKL. 7530
100 Gl1s84)=GHIRBLI WD, HyAX) ' ! i MK1 7540
d GO T0'140 i ) ; MKl 7550 .
) , 110/ 1F (JJ-1) 123,133,120 ' .. ! MK1 7560
. 480" 120 GF#J,JJ)=0.0 a . ' , MKl 7570
o 481 GO TO 14C . . . * /MKl 7580 )
482 130  AX=X(J-1) - : , ; MKl 7590
483 BX=8(J-1) - MKl 7600
484 GUJs 1)=GV XL HE 1H 9 AX, BX) . e, MK1 7610
435 140 " CONTINUE . ° MKl 7620
486 1=J ; MK1 7630
: e NRITE(&y144)(GUT 11D 117L4N) . J MK1 7640
‘ C 144 FORMAT(Y=xxr,2(E10. 3,260, vennr) MK1 7650
437. 150  CONTINUE . X . MKl 7660
<488 RETURN * . 7 MKl 7670 -
439 END o o s MKl 7680 :
. . C : . ; . MK1 7690
. c . MKl 7700
. ¢ mmmcmmmee——MULTIPLY THe 6 - MATRIX WITH THE %NnmL VECTIR CBLMKL 7710
N ¢ TO GET THE NEXT UNE m-muun,. . MKL 7720
‘ ¢ SEE EQUATILN 1.%,3. ¢ . MK1 7730
T3 - RCCIPE : MKl 7740
c e . W , MKl 7750
"I.\ N ~
, . . . e :) .I
- 490 . SUBRAQUTINE GXN (e &hstyGXI— ' . MK1 7760
.. 491 DIMENSIUN GiNyiv)y XNI{M)y GXIN) — : . MKl 1770
v 492 . 08 20 I=1,N . ' . MK1 7780
v 493 66=7.9 ) T MKl 7790
494 DO 10 Jslei -+ ‘ . , MKl 7800
. 495 10 GG=GGHG(I4J)xXN1J) ¢ - - - * MKl 7810
x 49% 20 GX(1)=66 ‘ ) MK1:7820 -
. 4971 RETURN | e . - . , R . MKl 7830
n , 498 END . R : . . MK1 7840
’ c . - — MK1 7850 .
-~ N e o . ©o. . " . MKl 7860
s . . a : . MKl 7870
¢ SUBR JUTINE POLET - - R T ° MKl 7880 .
. c - .. - : <y MKl 7890 .
, c PURPOSE — Cor MK1 7900 :
- € COMPUTES THF REAL AND CUMRLEX ROOTS OF A REAL POLYNOMIAL MK1 7910, ,
. ¢ o - MKl 7920 -
* M » v .
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499
500

s ¥ Xz kakniaiakakakaks

N - 59 -

USAGF - w - .
CALL PALRTUXCUF (COFHMyROOTR\RODTIIFRIMLD o

«

DESCRIPTIUN OF OARAMETERS |
XCNF ~VECTUR fif A€l CULFF

JRDCAED FROM SMALLEST TO LARGEST POWER

&«

ICTIENTS OF THF POLYNOMIAL

»
»”

COFf -wGRKING VECTUR OF LENGTH M+l
T M ~QRDER.UT POLYNUMIAL
. RONTK-RESULTANT VECTUR JF LENGTH M CUNTAINING REAL ROOTS
OF THE PULYNOMIAL .
;, REQTI=RESULTANT VRCTOR UF LENGTH M CONTAINING THE
CORKESPONNING IMAGINARY ROOTS OF THE POLYNOMIAL®
. [ER  ~ERxCP COUE WHERL ’
TEK=D AU LRRO® ) ‘.
JER=1 ¥ LESS THAN ONE
o [ER=2 M GRIATER THAN 36 \ /7 .
{Ern=3 UNARLE TC DETERMINE RODT WITH 500 ITCRATIONS
N 5 STARTING VALUES . .
[ER=4 "HIGrt ORDER COFFFICIENT IS ZER *
. Ml © ~NUMBER GF CLEFFICIENT , M+l
\ .- ) .
REMARKS

LIMITED T 36TH URDER PULYNUMIAL OR LESS.

CFLOATING PIINT UVERFLUW

PILYNUMIALS sUT WILL NOT AFFECT THE ACCURACY

RESULTS . . .

SUBROUTINLS A4 FUNCTION suakRnGRAMS RE QUIKED
_ NONE .

' o "

TECHNIGQUE -

NTTHUO

NEATON=-<APHS Y TTFRATIVE

£RROKS IN THE REDUCED PELYROMIAL &

ﬁ(\:'l(‘\(whﬁ()ﬁﬁﬁﬁﬁﬁﬁﬁhhﬁhﬂﬁﬁﬁﬁﬁﬁh(‘fﬁﬁnﬁf‘\‘\n('

SUBROUTINF POLKI (XLUF.LUF.N,kﬂbTR'RUUlT'IPF.MI)
DIMENSTON XCOFEMLY, Cuf (ML), KUNTR{M), ROGTI(H)
“DOUBLE PRECIMIUN XU.YT.X.Y.XPR.YPP;UX.UY.V.YT'XT'U.
1 DX.DY.TCMF.ALPHA.CAHS

. 1F A-NOUBLE PRECISIOMN
C IN COLUMN 1 SHiYLL BE

REMOVED FROM THE DOUBLE
STATEMENT WHICH FuLLOwS. ' ’

OO0 O00On

O0UBLE PRECISION fCQF.CvF.RUUTR.ROCTI

THE €_MUST ALSO Br RIMOVED FROM
APPEARING. 1N ATHER ROYTINES USED JIN CUNJUNGTION
ROUTINE. ’
. CUNSTANT IN STATEMENT T8 T 1.00D-12 AN
N l.CU—lO. -

COST OF EXECUTION TIME .9

[N STATE

°

IS

MAY OQCCHJR FUR RIGH ORDEFP .

NfF THE

¢

THE FINAL TTERATIONS
OGN EACH BUOT, AKE PrkFURMED USING THE URIGINAL POLYMOMIAL
QATHER THAN THL RLDUCED PRLYNOMIAL TO AVDID ACCUMULATED

/

'L

XT2,YT2, 545",

!

VERSTON OF THIS FOUTINF IS DESIRED, THE

PRFCISICN

¥

-

DUOUBLE PHFCISION STATEMENIS .

WiTH THIS

.

THE OOUBLE PRECISIUN VERSION MAY B OUIFIED BY CHANGING THE -

MENT 122 T4

THES WILL PROVIDE HIGHER, PRELISTON RESULTS, AT THF

MKl 7930
MK1 7940
MKl 7950
MKl 7960
MKLl 7970
MKY 7980
MK 1o 7990
MK1 8000
MK1 8219
MK1 8220
MK1 3¢30
MK1 8u4d
MK] 8350
MKkl 8060
MKl 8070
MK1 8380
MKl 8099
MKl 8100
MKl 3110
MK1 8120
JMK1 8130
MK1 8140
MKl 8150
MKl 3160
MKl 3170
4Kl 3180
MK1 8190

* MK1 8200

MKl 8210
MKl 8220
MKl 8230
MK1 8240
MX1 8250
MKL 8260
MKl 8270
MK1 8280
MKl 8290

Mkl 8300
MK118310
MKl 8320
MKl 83390
MKL 8340
MKl 8350
MKl 8360
MKL 8370
MK] 8380
MKl 8359
MKl 8400
MK1 8410
MKl 8420
MK1 8430
MK1 8440
MKl 8450
MK1 8460
MKl 8470
MK1 84380
MK1 8490
MKl 8500

-

.
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. 520
527
528

530
sk1
532

533

SO

110

ano

120

- 60 ~

~ .
10940410 . .
lF\. (N) 29420460 . . .

o

SET ERROR COPE TG 1 L r .

[Ek=1
KETURN . ¢ L

$EY ERRCK CLUF TG 4 . ' "
LER=4 1 -
G0 10 30

1

SET ERROR Ci0E TU 2

1ER=2 . . g
Gu TO 30 .

IF (N-36) 70,70:50

NX=N -

NXX=N+I °

" N2=1-

KJl=N+l ,
00 R0, L=1,KJ1 ) .
MT=KJl-L+1 .
CUF(MT) =XCUF(L)

SST 111 T1AL VALUES

+
XJ=.0uH00101 . -
Y1320, G12J50101 . .

1Py INITIAL VALUE CRUNTTx

IN=D
X=X1"

INCREMENT INITIAL VALUES ARD COUNTER

XGs=10.0%Y0 .
YO=-10. %X

SET X AND Y T8 LunreNT VALUE

X=X

Y=Yl > * \*,

IN=IN+1, T . ‘

G3 T2 123 . R
IFIT=1

xpRr=X" - . :
YPd =Y .

SVALUATE PQLYﬁG“lAL‘AVD QFPIVATIVES . 3

1cr=3 W ' ‘ ‘ 5kﬁj

UX=). 0"
UYsdl.C
v=0.90

MK 1
MK 1
MKl
MK 1
MK 1
MK1
MK 1
MK 1
MK1
MK 1
MK 1
MK 1
MK 1
MK 1
MK1
MK 1
MK1
MK 1
MK L
MK 1
MK L
MK 1
MK1«
MK 1
MK1
MK 1

MK1

MK 1
MKE,
MK1
MX1
MK 1
MK1
MK1

MK1Y .

MK 1,
MK1
MK 1
MK 1
MK1
MK 1
MK 1
MK1
MK 1
MK 1
MK1
MK 1
MK 1
MKl
MK 1
MK 1
MK 1
MK 1
MK L
MK 1
MK1.
MK1
MK 1
MK1
MK1

K

& ‘.




RS
S
@
N

555 |
556
557
558
559

560

562.
563

564
569
566
567
568
569
570
571
572

574
575
576 .
577
578
579
5§0<1
581
582
583
584
> 585
oo 586
] , 587
ol . 588
: 589

590

-
.

140

~

150

160

>

c
200

210

220

230
249

250

269

_210

230"

Te

N

CY¥YTEYLLS

Y66 T3 290

XT=1.0 t-
U=CIFIN+1)

IF (U) 140,27us 14l
0N 150 I=1+N

L=N=]¢1 3 ' .
TEMP=COFIL) |

XT2=X*XT-Y&YT ~

YT2=XXYT+Y=XT .
U=U*TEﬁPFXr2

V=v+TEMPYT2

Fi=t .

UXSUXHE LAXT T EMP . N
UY=8)Y=F L oY T%TL b
XT=XT2 L
YT=YT2 .
FSUMSI=UXTUX+UYT LY

IF (SUMSQ) Lo0y 30y 1LC
UX=(V‘UY-Q*UX)/SUM<Q
X=X+)X -
DY ==(U2UY+VEYX) /SUMSQ
Y=Y+DY . - '
IF [ARSIOY)+A35(NX)-1.0L=5) 210,170,170

STEP ITERATITN CUUNTER o
ICT=1CT+1
IF (1€T=500) 1304 1RC, 130
IF CIFIT) 210,192,219
IF (IN=5) 10042 )us200

SET ERKUR '3 T 2 , Y

1Ep=3 ’ . -
GO T 390

DO 221 L=1lyNXX .
MT=xJ1l-L+1
TEMP=XCUF(MT) 3
XCUF (MT)=COF(L)
COF{L)=TFMP

ITEMP =N/

N=NX

- NX=[TEMP

IF UIFIT) 250,110,250
IF UIFIT) 240+100,240
X=XPR :
Y=YPR .

1F1T30 -
TF [ABS{Y)=1.0%=4tA6SIX)) 280426C,2560
ALPHA=X +X .
SUMSQ=X=X+Y %Y

N=N-2 .,

X=6.0

NX=NX-1

NXX=NXX-1

Y=\).O .

SUMSQ=0.0 .
ALPHA=X s
N=f=1

. oad

§ -

MKl 9119
MKl 9120
MKl 9130
MK1l 9140
MKl 9150
MKl 9169

JMKL 9170

¥K1l 9180
MKl 9193
wKl 9200°
MKL 9210

-MK1 9220

MKl 9230
MKl 9240
K1 9250
BK1 9260
MK1 92790
MKl 9280
MK1 9290
MK1 9330

»

&

/
1]

MKl 9310, a—~

WK1 9320
MK1, 9339
MK1 9340
MK1 9350
MK1 9360
MK1 9370

' MK1 9380

MK1 9399
MKl 9400
K1l 9410
MKl 9429
MK1,9430
MK 1779440
MKl 9450
MKl 9460,
MKl 9470
MK1 9480
MK1 9490
MK}l 9500
MK1 9510
MK1 9520

MKl 9530 '

MKl 9540
MK1 9550
MKl 9560
MK1 9570
MK1 .9530

MK1
MK1
MK1
MK1

HK1

MK1
MK 1
MK 1
MK1
MK 1
MK 1
MKT

9590
9600
9610
9620
9630
9640
9650

9660 .

9670
9680
9690
9700

s




P

594
99%
596
597
598
599

" 600

601
692
603

604
6U5
656
627
608
669
610
611
of2
613
614
615’

‘616

617
618
619
629
621
624 .

624

624"
625

. 626

6217
623
629
630
631
LY 4
633
634

639,

636
637,

< 300
310

}

’e

ﬁﬁnﬁ(’»ﬁﬁﬁ?ﬁn

32Q

330

Al

-

ot

. T . =62 - ’ oL
COF(:2)=COF(2) +ALPHAXCOF (1) . MKl 9710 °
CIF (N.EQ.O) GO TO 310 . MKl 9720
U0 30C L=23N - MKl 9730 .,
COF{L+11=COF(L+1)€ALPHA*COF (L )-SUMSQ*COF(L~1) d MK1 9740
ROOTI{N2) =Y 3 MK1 9750
ROPTR(N2) =X - MK1 9760
N2=N2+1 . y MK1.9770
IF (EUMSO) 320,330, 320 *7 MKl 9780
==Yy . - MK1 9790
SUHSQ=0 .0 N : MK1 9800
GO Ty 310 Y ’ © MKl 9819
IF (N} 30,30,9) ) MK1l 9820
aND ) ' . MKl 9830
MK1 9840 ,:
MK1 9850
: ’ MKl 9860
-------- SUBROUT INE "TPLOY IS SINGLE PRFCISION PLOTTING 5 DIFF RENTMK1 9870 .
© VARIAJLES » ASSUMING CONSTANT TIME INCREMENT BETWEEN TWO® « MKl 9880
T~ EVENTS . MKl 9890
g MK1, 9900
SUPPJURTING «{UTINt NORE . MK1 9910
: : * MKl 9920
e MK1 9930
' ¢ . . MK1 9940
SUBNUUT INE TPLIT (M1 4M2 M8 MG, M0, IX) . MKl 9950
[MPLICIT REAL*4 (A~ He¥=L) MK1 9960.
DIMENSION M8IJIXD,y MALIX),y “SUJIXDy HMLIIX)y M2(JIX) MKl 9979
DIMENST N LINELEL), ThuMY) . MKl 9980
INTEGER PLyMIoST BL1SLr89,50950451,52 . ‘ MKL 9990
READ (,AC) PL.V!.ST,&L.SL.S? $0+51152+56 MK110090
MXY=0.3 . #MK110010
MING=U. 2 . MK110020
MIN2=C.0 . MK110030
MINS=0.0 . MK110040
MIN9=0.0 . . . MK110850
PHIJ=0.0 . ' - MK110060 .~
PHI2=0.0 MK1100707
OHI8=0.0 . MK110680 -
PHIN=C LD MK1Y0090 .
OG 10 [=1,dX N ' MK110100
[E (MINO.GTo¥ul 1)) MIn)=MCIT) MX110110
TE (MIN2.GTM201)) #Eng=4211) . . ‘MK11Q120
TE (AINB.GT. MBI} MENIEMBLT) : r MKI10130
IF (AING LT MG ) “HINg=MY (1) ' MK1101490
IF (ABS(MOU1)).CT.PHI0) PHIV=ABSIMOLINY & . MK110150
IF {ABS(MZUI)).GTLPHIE2) PHIZ=SuS(M2(1) )" . MK110160
IF (AES(*&(I)) GT.PHIB) PHIB=ABS(MB(I)) et MK110170
[F (JBS(MITI)).CT.PHIO) PHII=ABSIMILIN) . MK110180
CUNTINUF ' : e « MK110190
JIIX L s ‘ MK110200
JJ0= JI56+l , A MK110210
JI1=gJd+l , Mk1ffo220.
WwRIPE (64901} N . MK110230
WRITE (§e109) g “ . 4 " MK110240 " -
- PHIO=PHIJ#ABS(MINUY MK110250 —
PHIZ=PHIZ#ABS (M IN2) . ¢ . 4K110260
PHIS=PHIB+ABS (MINS) |~ - MK110270
PHI9aPHIG#ABS (MIND) 4 ° s MK} 10280

.




bt " - v . =63 -
638 >. DO 20 [=14d9 R
639 1E (MINOLLY WQ.u) SCUE)=XOUTJ+ABS(MIND)
640 [Fal{MIN2.07,0.0) M2(1)=r2(1)+ABSIMINZ)
641 1F (MING LTLD.9) MA(1)=hBUT)+ABS{MING)
T 642 , 1F (MIN9.LT.0.0) MI(1)=MI(1)LABSIMING)
. . 643 , MO(1)=MO(1)/PHIC o
L 644 M2{1)=M2(1)/PHI2 .
< 45 « MB{1)=MELI)/PUIY -
' L4629 ML) =MILTI/PILS
be a0 Ba1 0 00 320719 - .
y 648 30 INOMED) =1 e
649 WRITE (6,110) CINUMIE) (£=1,49)
659 ' 0o 70 I=1%441 !
651 [F (1.0Q.1) GUTD 50
652 MXY=M1(I-1) . . )
v.o- 653 ‘ FPa=48(1-1)*60+1.v '
654 g [Pa=MS(1-1)%6041.C
655 - TPL=HC1-1 ) %00+ 1.u
656 JIP2=M2U1-11%60+1.0
. 657 D0 4t [1=145645
, 659 , LINECIL1)=BL
T 659 ToBO 42 125145 _
. " 660 [3=01+412
661 IF (11.8Q.1P3) LENEL11)=SC
. 6625 . " 1F (13.EQ.1P)) LIRr(13)2S0 ,-
863 1R (11.60.1P2) "LINTLIL)=S2
b4 S1F (I3.EQ.1P2) LIr-{13)=82
665 CLF (11.EQ.IP3) LINCUI1I=S]
. 27666 o ofF {13.EQLIPE) LTLELI3)=S]
- 667 T (11t 1PG) LEtI-{TL)=59
. .7 .668 IF (13.50¢1P9) LINFCE3)=8Y
b bowen 4009 T D CONT ENUF
o ,610 LINE(6L)=PL 52
671 fiL=1-1
. 612 *IF(1l +tQ.190) LILFEL)=SC
’ 673 [FIl EQ.IP2) LINT(D)=S2
614 1F(1 +EQ:1PB) LINE(L)=51 N
675 TF(L WENLIRY) LENFLL)=SS
; _ 676 TF(1PO.FQ.ELILINC(01)=50
671 IF(IPZ.EQ.OLILINE(61) =52
618 [F(1PB.EQ.6LILINE(AL)=S]
' 619 IFOIP9.EQ.6LILINI(61)=59.
689 7 TE (PP NEL T 08, 106 NE o LaMR U IPIANE 1o GHo 1P2
. 681 WRITE(6,120IMXY, (LINE(KK) s KK=1,¢61) ,
682 1F(1.§Q.Jd1) G TG 70 .
o 683 _ SC GONTINUE ‘
684 DO 60 ll=l456,5
‘ 685 Do 69 12=145 . -
. 686 13211412 .
. 687 LINECI3)=8L_
o 688 60 COMTINUF -
. 689 . T0'  CONTVINUF R -
¥ " 690 WRITE (6, 13000 10UMI1) 121,90
E T . WRITE(E,15CIPLy M5 T3RLISLI59950951+52456
L *692 WRITE(64163) . ‘ C
' 693 WRITF (64340} N
694 80 FURMATULLAT) :
695 )€ FORMAT(' 1Y) o -
696 100 FORMAT(35X,"PELATIVE DERSITY') G
] © 1697 118  FOFMAT (L7X,9(2Xs'Jo'skle® * }/414X,1000¢
- "’n v e d ‘ o7 .
- h‘ N - -
."z . ’ e i
" 1 *
< 3 K a . 3
; -’\ . O. '\- , 68
£ Q ¢ ™
l;,;; . . ,
sERIC : .
I o enc 2 _

BV Rt - A
SMRBREIR e e U

-

-

LNELLILINE(L)=PL

<

e

A

.y MK110870 °

v

-

{

MK110290
MK1190300
MK110312
MK112320
MK110330
MK1103640 7 °
MK110350
MK112362
MK117370
MK1103%D
MK 119390
MK1104)0
MK110418
MK 110429
MK110430
MK 110440
MK1106450
MK110460 ~
MK11047¢C
MK110480
MK11049C
MK117590
MK112510
"MK11252Q
MK112530
MK 110540
MK110§50 °
MK110560
MK110570
MK112580
MK110590
MKBL0600
MK1105610 4
MK11062C -
MK110632 ¢’
MK1106490
MK110650
MK112660
MK}10670
MK110680
MK110690
¥K110700
MK1IOTLY .
MK110720
MK11373C.
MK11d740 +
MKLLOTSO ]
"MKLLOTHD -
Mg110770°
MK110780
MK110790
MK1108230 .
MELXO810 N
_MK11Q820 — —
MEL15830°°
MK110840
MK113350"
MK110960 *

MK119880

o
- !
L RO




: 1027

103
704

Aruitoxt provided by Eic:

“FRIC  _-
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- 64 ~

120  FORMAT{LX, *TIMEY, 1XoF T3y 1Xs61A1) . MK110890
130 FORMAT(L4X 4 10(" #=-=-- Uyt 400/ 116X09(3X,00.%511)) MK110900
140 TFURMAT (f10). MK110910
150 - FORMAT(15X, " INPUT CHARACTER V,11A1,7) MK110920
163, FCRMAT(! Yo/, 15X, P = POWER',/,15X,¢ L ~MK119930
< LuGe OF POWERY o /815Xst 4 = PKECURSOR DENSITY?!,/,15X,% R = REACTIVMK110940
KITY',//7416X, ' NEGATIVE VALUE PLUTTED WITH THE AXIS IN THF CENTER',MK110950
s <1117) . MK110960
STeP MK110970
END o . MK11098%
//70ATA . N
4 s
@ 'S
|
. \ ‘
| .
- -
. \
| , a
1 ‘// ‘
. / N
/
.
. .
i
!
i
|
| .
P |

RS




-~

. - - " hY
sekkrnk bR apaBRnR X aadesantackx KINETICS MS?)ULE ] SR caeedkRd ERRRELS

. n »
.

3
P I II T IR EL EEE A2

4 INPUT PARAMETER
§ SERRERERE SRR ER SRR BN

e TYPE OF FUEL U=239 . . .

i i NUMBER JF DELAYED hEUTRON = 3

NEUTRON GENERATIIN .VIME = 0.03010 1sec{

o TYPE OF REACTIVITY = F ‘ ) .
, RO = $ 0256 82 = 5.00000 ‘

. . TOTAL TIME USED = 1.000 (3ECH ° y TIME INTERVAL =  0.010 (SEC),

. OUTPUT upPTION = 2 . . ;

INITEAL RELATIVE FLGX\-v 1409

° - -
‘

L] ‘

shascixxs END OF INPUT DATA fxrswsss®s

SIX GROUP LAMBDA ARE Je0126€ 00301 0.1240’ ‘U.3250 1.1200 206900

,

SIX GROUP LETA ARE 2.056(09 0.00080 0.00057 0,00088 0.00023 0.J309012

[

THE AVERAGE BEITA AND LAMDA .o PR

Bt 1)= 0.200°0 LAMSDAL 1) = 0.02636

0.19854 - !

0 Bt 2)= 0.00145 LAMBDA( 2)

8t 3)= 9400035 LAMBDAL 3) l-§9571

L4
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I3 rd v * g -

3:! . v . . 3-13_.5 i -

: A AU 1) = -0.0000E 00 . ' . . )
I . o . ¢ ‘
L : AL.2) = 0.3CS1E-03 . ' .

. : AL 3),=  0.3606E-02 - T

. L A4 s P.Zabzg-oze . '
.. AL 5). = 0.l7)0£b03
. . . . . . . R 1
T OTHE LARGEST EIGEN-VALUE =  1.00uliL w0 )
- . VO
s i . '4
., NO TIME . R PRz R " 3 GROUP DELAYED NEUTRGN
t ) (S&C)‘w ($) (- ) © (RELATIVE) >
S 1 ©0.300° 0890~ U.l1LO3F 01  0.34118.u3  0.7303F €2 0.2515E Gl
THE G-MATRIX -7 T
v TTTTmEETmEEmEems ) .
-t .
e © "0.7634E V) 0:2310E-03 Q. 174uE-0&  v.1223E-01 ' .
) 0.8991E-0}  0.99$7 OC  1.00CIE Ov  <.CO00E 00
0.144BE 30 U.I0%7F J0 - J.S98uL LU 1.0COCF 0Q )
. © 0.3486E-01  s.LUJLE 00 0.00CUF 00 0.9861F 29 ’
0.300  J..)  0.100uE ©1  G.3411f 03 0.73C3E G2 0.2515F 0l .

2
3 0.910° 0.0l 7 0.1003E ¢l Lel0llEt 0% 0.7303F 02 .0.2515E 01
4 G.J20 Oe02 Je100gC 01 Ue34llf 02 0.7303E 02 0.2515¢ 01
5 0.030 Je04 -C.1Cloe vl Uedallt C3 0.7303€ 02 0.2515¢ 21
'6 0.040 0.05 U.1024% 01 0.3411F w3 7.7303€ 2 0.2516F 01
7 0.uSC Jelb 0.1033E O1 Jed4lle C2 0.7303F 92 0.2517¢ 01
8 0.u60 velT vell43fr U1 Ue34llt 03 0.7304E 02 0.2518¢ 01
9 0.J70C Cau9 0e1u55t-(1 Ge3411F L3 0.7304t 02, 0.2519f 01 /
10 0.280 Jel O.1066t Cl G.3411t 37 0.7305¢ 02 0.2521¢ 01
11 0.090 0.11 Q.1078E 01 0e341JF ©3 0.7306t 02 0.2523F 01
12 0199 " 0,12 . 106LE €1 O.3412¢ C3 Qs 7307F 02 0.2526F 01
. 13 Q.10 | 0.13 vellu3t C1 03412t V3 0, 7309€ 02 0.2529¢ 01
3 14 0.120 O.14 delll6t 01 U«3412F 03 0.73108& 02 0.2532¢ 01
15 0.130 Zo15 J.112498 (1 05.3412¢8 G3 V.7312€ v2 0.2536F 01
) 16 0.140 d.16 v.llast 1 0.3412¢ €3 , 0.7314E 02 725408 01
. : i7 0.150 0.17 3.11508 Cl 0.3412€E ¢3 0.7316E 02 545E 01

, 18 0.160 V.18  0.1166F L1  (.3412F 03 0.7318t C2 0.2550f 01
5 h 19 6.170  3.49  0.1182¢ Ol  OU3412£°03  0.7320E 02  0.2595F 01
i - 20 0.186 ©0.2)  sl195E (1 .0.3413F ¢3 '0.7323E 02  0.2561F Ol
i 21 0.190  J3.20  0.1207. 1 0.3413F 63  0.7326E 02  0.2567f Ol
2 22 0.200 0.zl  0.1220E Ol  C.3413F 03  0J7329E 02 \0.2574F Ol |
_ 23 0.210 6.22 0.1232f 01  ©.3413® G3  0.7332€ 062 0.2581F 0l
¢ 24 0.220 0.22- 0.1244F L1  0.3413F C3  0.73356 02  0.2588F O1
v 25 0.230 0.23 0.1255€ 01  0.3414€ 03 0.7338E 02  0.2595f 01

26 0.240 Q.23 0.1266F (1 0.3414F 03 0.7342€ 02 0.2603F 01
27 0.250 U.24 0.1276¢ 01 0.3414F 03 '0,7346E 02 0.2611F 01

“ - P

) o , | . . v o
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gggx‘“.

;
«\" oy
y
i e ¢
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- - 67 -

29 0.270  0.2%  0.12950 Ol 0.3414E 03 0.7354F 02 0.2628E° 01

30 . 0.280 ©0.25 0.1303& vl 0.3415F us  0.7398t 02, 042637 01

31 €.290 V.25 0.13L1E 1 0.3415€ 03 0.7362E 02 0.2646F Ol

32 0.300 0.25 3.1318F Ol 0.3415t 03  0.7367€ 02  0.2655E 01

33 0.31C  2.25  0.1324E Ll 0.3416E G3 -0.1371E 02 0.2664f Q1

34 0.320  5.25 5.1329€ Ol, 0.34leb 03" 0.7376E 02 0.2673E 01

.7 35  0.330 Q.25 0.1333E C1  0.3416t 03 0.73B0F 02  0.2682f 0l

36  0.340  0.25  0.1330F €1 J.34l6r ©3  0.7385E 02 0.2691t 01

37 0.350 0.25 0.13380 ol  0.34176 03  G.7390F 02  0.2701f Ol

38 . 0.360  0.24  0.12397 CL  O.IRLTE 63 0.7394¢ 02 0.2710f ¢l

39 0.370 2.24 0.1339€ €1l 0.3417€ 03 0.7399f 02  0.2719F 01

40 . 0.380 0.24" C.1333E ul  0.3418F U3 0.7404E C2  0.2728( 01

41 @0.390  0.23° 0.1336E Cl  0.3418€ G3  -0.7409E 02  0.2737€ 0l

42 0.40G6  0.23  0.1*33E Ol  0.3418t 03  0.7413F 02  0.2746F 01

43 0.410  0.22  0.1329F Gl 0.3419€ 03  0.7418¢ 02  U.2754¢ 01

44 0,420 .22  0.1324F Ll ©0.34)9F 03 0.7422E G2  0.2762F 01

45  0.430  0.21  5.1318E Cl  0.3419€ U3 0.7427€ 02 0.2770f 31

. 46 0,440 .20  Q.13L1% OL ° 0.3419F 03  0.7431E 02 -0.2778¢ 01
47 0450  J.19  0.1303¢ Cl  0.342C€ 03 0.7435E 02  0.2785f C1

L 48 0,460  J.19  0.1295F Cl  0.3420€ 03 0.7439F 02 0.2792E 0l

49 0.470 0.12 0.1285t Gl 0.3420€ 03  0.7443E 02 - 0.2798F Ol

50  0.480 V.17 0.1275& Ol  0.3420€ 03  0.7447€ 02 -0.2804E 01

51 0.490  w.ls  G.1264t Ol 0.3421F 02 | 0.7451k L2 810 01

< 52 % 0,500 0.15 +3.1253t @1 ~0.3421€ C3° 0.7455F 02 0.2815f 01

53 0.510 O0.14  0.1240¢ €1 ©.3421F €3 0.7458F 02 0.2819E 0l

. 54 0.520 .13 0.1224% Ul. 0.3421E 03+ 0.7461E 02  0.2824€ 01
55 . 0,530  D.12  2.1213F Ll G.34R2E 63 0.7464t 02 0.2827f 01
56  0.54u  w.ll® 0.12006 Gl 0.34226 C3  05.7467C 02 042830 01
57  0.550 0.10 - 0.1188f Ul 0.34226 03  0.7469€ 02  0.2833t 01
58 0500 * .73 Colll4r Ol C.34220 vl 0.7472f 02 0.2835f C1
59 0.37¢ .07  0.1163t Gl 0.3422F C3  0.7474t 02  0.2837¢ 01
60  0.380  J.vo  O.1145t 0L 0.3422E €3 0.7476F 02 0.2838f 0

!
| : :
o § 28 0.260 Je2% 0.1280L ClL Ue3414F U3 0e.7350F 02 0.2619€ 01
: ¥
H

.61 0.590 velb C. 1131t .Gl 0434228 (3 Q.74718t 02 J.2838¢ 01
- 62 CedUL ° Vet Colilit 01 Ue3423E 03 0s7479E Q2 4.2838E 01
’ 63 0.010 Jeu2 Cel1C2E 1 0.3423E 03 0.7461E &2 0.2838F 01

64 0,620 w."l t.1C8sf Cl  0.3423€ &3 ° 0.74827°02  0.2837¢ Ot
65 0.630 =3.00  0.1074E ¢l 0.3423F 03 , 0.74v3t v2  0.2836€ 01
66 0,640 =-0.C1  G.1UwdE Tl ©J3423 03 0,7483F 02 0.2834F {1
67 0,050 =-0.{3 CelOAE Cl. ,0.34236 03  0.7484€ 02  0.2832f 01
68 0.660 -0.G4 0.1033F Ul  C.3423E G3  0.7484E G2 0.2825t 01 .
69 ° 0.670 =72.05 0.1C2ur (1  0.3433F 33  G.7484F 02 « 0.2826F 01
70 0.586 =006 D.1C07Tt GI  0.3423k 03 0.7484F 02 0.2822¢ 01
71 0.050 -J.C8  0.9947¢ €S 0.3423F €3 0,7484F 02 C.2818E O}
72 0,700 - -L.09. C.9820E Cu $34236 03 0.7483E 02 0.2814t 01
73 0.710 =-0.10 0.9708E C3  0.3423t C3  0.7483f 02  0.2809f J1
T4 0.720 -O0.11  ©C.u595 Cu  0.3423t O3 (,7482E 02  0.2804E C1
75 U730 -0.12  0.94858 (5 0.3423F C2  0.7481E 02  0.2798f 01 .
76 0.740 =-0U.13  0.9380c CG 0434236 93 0.7480FE 02 0.2793¢ 01
77 0.750 =0.F4  0.9279E CO - 0.3423E 03  0.7479€ 02  0.2787F 0l

$ 78 | 0.760 -0.15 0.9182F Ou 0.3423E 023 074775 02 0.2780f C1
79 0.770 ~C.ls J.9089E 03 0.3423€ 03 0.7476E Q2 0.2774E 01
2ot 80 0.780 =J.17 G.9001F 02 0.3423% 03 0.7474t Q2 0.2767F 01

81 0.79¢ -0.18 3.8918: €0 O.3422€ 03 0.7472E 02 0.2760¢8 01
82 0.300 -0.1l9 0.88&38F 0J 0.3422F 03 0.7471F 02 . 0.2753t 01
83 0.316 -0.29 0.37642 O, 0.3422¢ 03 0.7468E 02 0.2745F 01
. 84 0.820 =0.23 C.86%3t C2 D.36228 03 0e7466E 02 0.2738E-01
.+ 85 0.830 -9.21 uU.8L27+ CO Ue3422F 03 0.7404E 02 0.2730€ 01
+ 86 0.840 -uG.27 0.8506t C. 0.3422f 03 0.7462E 02 10.2723F 01}
;87 0.850 -0.22 3.850%t 09 0+3422€ 03 0.7459F w2 0.2715F 01
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0.870
0.080
0.499
0.300
0.910
0,920
0.930
0.940
0.950
0.960
0.9170
0,989

HERE R AR R AL FOL FROX L L XX XL

-0.23
-0.23
“Uelh
"\)o?l’
~Je24
~0.25
~0.2%
-0.25
~-Ue29
-0.25
-0.29
~3.25
“0e2%

7~

¢

0.8450k
0.8408¢E
VeB364F
0.38324%
U.82881¢
0.8257E
282336

-. D.R20T:

D.31389t
0.5174¢
Dedlont
0.81541
O.8155¢

9U
934}
[
ud
o3J
wJ

Cy

FNit OF CALCULATION #ofwsd sokm s Xk ks spd st w

- yy -

Qe 34228 U3
C.3421F 01X
0.3421t 03
Ve3421t O3
JVe3421F 03
V.3421F 23
0.3421¢°03~
0.3421F 03
034200 U3
0.3420t 03
veda2ut U3
U. 3420t (3
0.34208 03

.

..

bl

0.7451E
0.7454E
DeTab2E
0. 7449E
0.7446¢L
0.7444E
D.7441E
0.7438¢€
J,.7435E
0.7432E
0.7429F
Qe T426t
0.7424E

’

0.2707¢
0.2699¢L
042691F
0.2682E
0.2674F
0.2666E
0.2658F
0.2650F
0.2642¢
0.2634t
0.2626t
0.2618¢
0.2610F




o

)

ERIC

PN A FuiToxt Provided by ERIC

; -
Cd

i TIME  0.220
< TIME  0.010
1 TIME  0.020
P TIME 0,030
TIME 0,040
TIME  3.050
TIME 0,060
TIME  0.070
TIME  0.08C
TIME  6.090
TIME  0.100
TIME  0.110
TIME 0,120
TIME  0.130
TIME  0.140
TIME “0.150
TIME  0.L60
TIME 0.170
TIMF  3.180
TIME 0.190
TIME  0.2u0
R TIME  0.210
TIME  .220
TIME  0.230
. TIME 0,240
TIME & 34250
) TIME = U.260
TIME  0.270
TIME  ©0.280
TIME  ©.290-
TIME . 0,300
TIME ~ J.31C
TIME  4.320
TIME  0.330
TIME  0.340
TIME  0.350
TIME  0.3060
TIME  0.370C
TIME  0.380
‘ TIME  0.390
TIME  0.400
TIME  0.410
CTIME  0.420
» TIME 0,430
FIME  0.449
TIME  0.453
T TIME  '0.360
TIMF  %.470
< TIME  0.480
TIME  0.490
. TIME Q.50
TIME 0,510
TIME  0.320
‘TIME  Cu®3)
TIME . 0,940
TIME  0.5%0

- 69 -

-

QELATIVE DENSITY
Colan

0.5 3.6




_70 - . . .
0.560 L ' N L P ol
0.570 1 . R L P Qi i
0.580 | R L P Ql
0.590 | R L p Ql
0.600 | N R L P Ql
0.610 | ‘ P L , P Ql
0.620 | TR L P Ql
Ueo30 | » R L P Ql
0.040 1 R L P ol ,
- 0.650 | R L P al .
Ue660 | ® L P - Ql
0.670 | N L p Ql
0.680 1 R L P Ql
0,690 | k L P Q
0.700 | . R - L P Q
0.710 | ~ R L P Ql
0.723 1 r Lt . — P o:
0.732 | ? ; M P Q
d.740 1 ' P Y p ol
0.750 | 2 L p Ql oo .
C.760 | 3 L P Q1
0.772 | R v, P Ql
0.783 | R L P Ql
0,790 | R L v ot '
0.300 | R L » Qi
0.812 | R L P - Ql.
0.320 | R L » Y
0.330 |, ® L ' P , ol
o840 | ® L Lp . % ¢l .
0.350 | #» 1 - Q!
0.860 1 Kk L * P Ql
0.870 | <« L P . Qf .
0.883 IR L P . &1
2.89Q IR L P g{
0.900 IR L ' P .
0.910 | L P .Ql
0.920 | L P 35 ol
0.930 IL P > Ql
0.940 1L P ~ al
0950 | - P : Ql
0.960 | P Ql
0.970 | P N Ql
0.68) 1 ! P Ql
0.990 | ' 4 Q!
o ——— tm———— o ———- R to———— tm———— o pm——— pm———— tm———— +
Oel D42  We3 0.4 Vo5 0.6 07 0.8 0.9
INPUT (HARACTIC¢ |=-% +LRQPS ’ ’ . .
- a - ’
P - PUWER
‘L2 LMG. DF OUWER -
Q - PRECURSLR UENSITY .
R = REACTIVITY
NEGATIVE VALLEL PLUTTLD wITH THF AXIS IN THE CENTER . \




}
/ REACTOR DYNAMICS MODULE, RD-2 ‘ .
REACTOR KINETICS WITH FEEDBACK
. - .
- : .
», ’ ‘ /l * !
L : @ by . - J
‘ ‘ ‘-I' - . B
L] ” - 1Y
' _Ronald J. dnega ",
- o 5 [S N
/ , *
’ o
t ) .
/ . .
3 . 7 - R
o . L4 - N .
- - - L J
K : . -
k! The Universaty. gratefltlly acknowledges the support of the _
D1v~1sion of Higher Education of the National Science Foundation
~ N
- for support of this°work performed under -Grant GZ- 2888 and the
® support of puke Power Company, North Caroli a Power and Light Company,
o s and’ V.irginia EIectric and’ Power Company. -
s g ‘ ) >
I <+ Project ij.rector; ‘Milton C. Edlund
£y o , ) ’ >
G'

LN
B ey 4F

-
.
R . 7 <
. . 6 *
. ) . Lo ) co .
“ . N 2 R
Nha, o D TR Y ' - T
) oy R : 2 . .
:g’f"‘ fm:.ﬁ" e 5 D ETA




\
-«
. ACKNOWLEDGMENT ° )
The author would like to extend his appreciation and thanks to r
Mr. Tjeri ‘Surj;nto who did the programming for this modulé. .
- ‘ ————— ‘
+ - ' %
- * , - .
-~ ‘ - — v
& j
‘ »
+ — I ’ .
( .
9 s .
) v - 4 o
. ’ . <
, .
. | -




= Y - = FCa— g - v Lk S
il NS N Voo . . b
33;‘ N . -, - R . a .7
mt . . . . -
e . R . . N . N
2 S . s .
N N . , .
.9 _ . ) Do .
. s R - * » L
- - .
. . .
&3 M . 4+
v
3 ¢ v 1 .
' h 1
b ‘ . - - * .
- v ° . -
- < ' -
~ . N b - -
I ~ L. -
. . R y; ’ - \ P
. . . " N
- .
3
.- . © -

2.1 Object of Module . . v v v v v v v v b b be e e e e

2.2 The Feedback Model . . + « v v wude 2 vv v s e 0 e ;ﬂ_\\

2.3 The Feedback Parameters... . . . . . e e e e e 12 _

—
*
— y
. . e
.
- 4
-
\ °
J v
- - 4
B
. -
4
N
k4 - . N _
5 -
N + .
B ’ .
s , ,
.
N -
1 .o
\ .
- Ay
’ .
.
‘ >
~ [
. —
J
. - - ,
. ' v -
-
’ ‘ ) K
’ - - oy [
2 .
?’»49' N « X -
b R 4 .
e
s . !
, -
-~ R

It

"3‘3‘“3 438
b4
-
.
.
&

¥
L3

Wy . ,
5 “

o ) Ve . . 7 .
e T(f ” ' ’ )

a1 .

; -

.

LG . J

R A vt oo e . . , . D
P . . v . R .
;), 3 » > R “ . . ti% B . N -
57 A vy - “
b "




'REACTOR DYNAMICS MODULE, RD-2

- £

REACTOR KINETICS WITH FEEDBACK

4

2.1 Object of Module

’

The object of this module is tgi;

(11 Examine the temperature feedback mechaﬁism of a PWR amd
. (2) Solve the one delayed néXron model with‘temperatuté féedback for
% . .
a step insertion and a ramp iﬁ;ertioh'df reactivity.
The timé dependence of a reactor, takiﬁg the fegdbé&k mechanisms into

account, is relatively difficult. We will consider a PWR core with a two péth

feédback. The reactivity is diminished aq'the temperature of the fuel increases

due to the Doppler broadening of the resonances. This feedback if instantaneous

@ . . t .
since the temperature increase follows' the power generated immediately. The

second feedback path 1s that of the moderator temperature coefficient. As the
; ‘ B

moderator temperature increases, the number density decreases and the neutron

mean free path increases so that~leakage increases and reactivity decreases.

We will be’ concerned about the stability of the reactor, to a limited degree.

'Thg dynamic resporse depends upon the magnitude of the temperature coefficients

. .

as weldldas that of the signs, For a given reactor design, i.e., a given ‘life-

< >

.

" time . ower 1eye1; the reactor«cgy or may not be stable for a given set of
: ;eactiv ty coefficients,
The core region 1s the only one of tnterest in this module. The pgst of
the ﬁriﬁgry loop .as well as.the secondary loop 1s treated in an ovetail dynamics

.module for a PWR.




-

4

Also, all of our analysis will be funda@ental\modq analysis. The physical

«

phenomena_ére taking place so slowly that the higher sharmonics of the flux

. distribution are all dying out so rapidly that we only need to consider the

Al

lowest” or fundamental mode. .

The thermal analysis really should proceed by the solution of the space-

. ]

time heat gonduction equation. This is a very complicated p}ocedure and would

F

a;sd mean that spatial effects of the kinetics equations should be taken into
i\ l account, We, theérefore, will assume only a lumped parameter model and will

. , D _ ' )
obtain the time dependence of a reactor which is :éﬁ}ly one with the average

>

.properties of the reactor under consideration.
. The program name is FUMOTEM which 1is an acronym for‘fggpdamental Mode
Kinetics with Temperature Feedback."
. T V

There are four types of reéctivity inputs that the program can accommo-

[N

[}
‘ 2 ‘
date with NRO = 1, 2, 3 or 4 respectively: . .
- . X :
e () = o, - ostgst, ) ~
. > ; = o0 otkerwise
2) po(t) = po(]: +at) o<tz tr' _ | " sy
- = pé(l + a tr) otherwise
S 3) po(tl = ‘m cosat
or ) )
,4) Do(t) = P, sina? t . . . ’ 3

-

. The feedback reactivity is taken to be zero for times t> tr’ One‘ggm'feed

in a t} greater than the calculation time however, So for®t: > Fr’ the only

.

reactivity is due to feedback effects. - » L

A}
’




2.2 The Feedback Model . . ' ° L 4

v

We will use the one group &elayed neutron model to describe“the core

N neutronics. The.kinetics equations are
"\ . dP(t) _ p(8) = B piyy + 2 qQee) ‘ (2.2.1)
' dt A ‘ .
and
. ddgét! =.% P(t) - )\ Q‘(t) v (2.2.2)
where

. ’
- The total reactor power (Megawatts)

.
¢
g -]
7~
rt
e
1]

; The, power equivalence of the delayed

Vo)
7~
t
e

0

neutron precursors (Megawatts).

-
'

Now we let ATM be the deviation of the spatially averaged moderator

- -
"

temperature from its equilibrium value, i.e., ’

(2.2.3).

. ATM(t) = TM(t) - TMO ' ~,,
and simﬂlaélylfor the fuel temperature T we havzx“\ . .
L3 . , v ' - . - o . ) ‘ . \
. o - ATp(e) = Tp(e) = Ty . ' A2.2.4)

> . v 1
- .
- .

¢

- . . -

o , whé&éx@Mo.and Téb are the equilibrium moderator and fuel tamperafures re-
- - ¢ . * .

sﬁectibeiy. Also, we let aM.and s be the moderator and fﬁel temperature

DY - » ~

coefficients of reactiviéy. Then (1)~ . !

- T
’ p(t) = p_(£) + ayhT, ()"%d 8,(c) .~ 9 (2.2.5)

.




where generally, ay and ap will be negative‘br at least their sum is negative.

The temperature coefficient of reactivity for thegmoderator is

-« _ap . 1" s .
AT, T K 3T (2.2.6)
M eff M

the neutronics. The heat generated depends upon the fission rate or t
We will look at the fuel temperature averaged over the core as well as an
averaged coolant temperature. We will ignore the cladding of the fuel pins.

‘ The heat balance equation fof reactor fuel is

'
» . >

- - - .
Rate at which the Production rate Rate at which
.intermal energy of of the energy heat is conducted
| the fuel changes in the fuel out of the fuel

» . . -~ - v T ‘ .

v
A3

‘(‘

dT_(t) ceno .
F N _ - St . «
pFCFVF e ‘P(t) 4"kE‘LF(T'o - TR)N« el (2.2.?) .

¢
K

’ R

.

-

density of ‘fuel (I1b/ft>)

specific heat of fuel (Btu/1b=°F)
ydlumé of fuel” (£t3)
'average temperature of the fuel (°F)

" total power of reactor (Btu/ﬂr)

.
+




Btu
k = thermal conductivity of fuel (—————
F o, Y o o)

length of fuel pin (ft)

5

~ T0 = centerline temperatufe of the fuel (°F)
‘ TR s temperature of the fuel péllets at the outer edge
g (pellet - water interface) (°F)
N =  total number of fuel pins in the reactor.

*

The expression for Equation (2.2.8) was obtained from El-Wakil, "Nuclear Heat
»  Transport"”, page 123, equation 5-48.

v

‘ The temperatures aré averaged over the fuel‘pins. If we number each of

the pins in the core, then the cigterline temperature is

- _ -1.- . ) 3 )
" L To =8 CortTop* oo ¥ Tow)
. Where T01 is. the centerline temperature for the iEE,bin- TF is defined
. - ’
. similarly so that it.ls the spatially averaged temperature of the "average
fuel pin." ’ U

-

' Equation (2.2.8) contains the c&nterline Eempe;ature and the temperature
s o ' . 1
" . at the edge of the pellet TR which must be eliminated.” We assume that a .

parabolie temperature distribution holds even in the transient situation (really -’

\': 4 &7 . 0_. , - . - ] .
the trangient heat conduction equatior holds here) so that for one fuel pin we

-

::—‘_ — havg D -‘ ) ! . ’ -

’. ) . - . ) , ‘ ’ ,2 .

. . . , ' - _P()r

gore . ’. R : T(r) h T‘d" AKFVF ‘ : (2.2.9)

e, . .

i A SRS , .
where T(r) is.the tempe}atgii/of the fuel pin a distance r from the center of

;. the pin. “The avegage fuel temperature is:then

. ° .
P . S, €
S T

TS AR ¢ - 2.




oo _B(E) o2 '
?0 8kFVF RF . (2.2.10)

Eliminating the centerline temperatures, we have, using (2.2.10),

2 ’ !
R% P(t) ‘
—§E;V;—— ) (2.2.11)

o

TF(t) = TR(t) +
Eéuation (2.2.8) can now be written as

4T (t) ' P(t)"RF2
—.TR(t)

F\°/ .
pECeVp —gr— = P(E) - 4migLoN | To(e) + —

. de . kpVp
/ -
=(1/2)P(t)'— AnkFNLFTF(t) + AnkFLFTR(t) ~ (2.2.12)

The .wall temperature of the peilo:&_zxﬂt) is connected to the coolant

-

L
temperature Tﬁ(t) since

.

T, () - T, (t) = %T‘—;Fl C(.2013)
[ ]

where A is the total area of the fuel .and h is the heat transfer cbefficient

[

-

for the fuel water interface (Btu/(Ft hr-°F))

n

The energy balance for the Jwater in the core is . ' o &

‘|Heat stored in Heat conducted eat tranaferred
water in core in from Fuel out of reactor core




¥ , 7
i3 . .
i ) | .
‘ « or mathematically,
) dTM(t) _.. ° . - ..
: DMCMVM i 2 &FLF h’l‘N[IR(t) - TM(t)] + mM[CMlTMl - CMZTMZ] (2.2.14)

s 0

where m is the mass flow rate of the water through the core and TM(t) is the
Mo

average moderator temperature. Also, assume C = CMZ' \‘
. hd e © ,
T/ We will assume I;1M~is an input, as is TMl’ the moderator inlet temperatpre.

*  The moderator outlet temperature is related to the inlet and average temperatures

~

as

TMz(t) = ZTM(t) - Ty *

so t}.‘gt Equation (2.2.14) becomes (using Equation (2.2.13))

° an, )

LN
[y

. CMVM T ZTrRFLF hT . hTAF] + ZmMC cTM(t)]
¥ \ .
» ~ W . ‘ R g s
] ey e | .
' 2 =P(t)+2.CT - 2 CT(t) (2.215)
. ‘ Ty ~ 2 TCy , $2. \
? R , - . ' .
This can be rewritten as . / ‘ 3
. . 'l‘ (t) —I (2.2.16)
‘ 4t JVM . Py « P’y ] .o
The area of the fael 1§ 2NLF1rRF and the fuel v’olume is TI'RF .

: In summary,-the equations we must solve are Equations (2.2.1), (2.2.2),

A . . - ‘
@ (2.2.12) and (2.2.16), the last two of which are written i . /
g4 ¢ ‘ v - e,
* dTF . - ~. . v . . I
ppggvpfgz_ = Q/DR(E) = brkgLNTL (1) + AngLPN?M(g), (2.2.17)
N ' - '

. i
-




(X4
2

. , 8
and *I
dTy(6)  pey 2y 2 . . : '
PMm'm MM MM
o C f.
If we put these equations:into matrix form we have
P(t) e-8 A 0 0
A 1
Z o 18 A 0 0
d -
—-— X
dt . ({) L -, 47KpLpN 47K gLgN )
P 2 p LV .CV_ TV
& F °FF'F PeCr'E FF'F
) 2
,. T (t) —L o .0 - My
" MMM ~ PV
L - - —
P(t) | [~ 0 BE
ar . 0 /
. .Q(’ct) ‘.. 0 1
, + , (2.2.19)
=4 , , , > (
TF.(t) 0 ‘
‘ ™ n T ()]
: (t) L TR
or ) .
. d $(t) : s
- = ) 2.2.20
Ly / dt » é 9 + § /\ ( . )
-~ - ‘. N =
. . 86 " -

+




where the A is dependent upon the temperatures themselves. Thus, Equation

’

(2.2.20) is noq-lihear.

The linearization of Equatibn”(2.2.19) (or (2.2.20)) can be achieved

assuming that we can look at changes about some operating point. Expanding

-

about the oﬁerating point we have l '

P(t) , (2.2.21)
= + A ' C(2.2.22
Q(t) - Q . ( )

TF(t) = + ATF | (2.2.23)

T + AT 2.2.24
e Ay C ( | 4

~

We assume ghgt P% etc. are independent of time so

° -

\;‘d Ad

’ -

PZ = (A° + 8A) (¢° + 8¢) + B
- dt - = = - - —_—

or neglecting the AA + A¢ term we have

.




or

M
‘e .
.+
’ s
AP :
®
AQ ~r
4 -
dt-
AT
J "F
’ ol Y , N ‘/
er

10

"od—s ;N
A
§o 0
pMéMVM o

A
‘0
0
3
0,
— 7
(0,76 \
A
N2 -
N A
1
205CeVp
kY
T 0
PMVMC :

BN

-

0 0 '

»

0 0
,—4kaLFN AnkFLFN
PeCeVE pFCFVF J

. ‘-2‘

"

v Pu'M

. * =1

0 0

0 0-

0 0

0 \o,

<
° . 0 . -
agP P
A A
»
0 "0

~4ﬂkFLFN AnkFLFN

PeCeVr

PCEVE

—i&n .
PrVM

AQ

¥

“k

(2.2.26)
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]

'Equatfon (2.2.26) .is a linearized version of Equation_(2.2.19). Thisr

.

. equation 1s soluble by the ordinary method of eigenvalues. In matrix form,

° -

- this can be written as

da ¢

I = A" 4, ) _F2-2.27)

- 3

and A' 1s given in terms of the equilibrium values.

o
v

The system of Equations (2.2.19) is highly non-linear because of éhe

" first element of the matrix A. The method discussed in Kinetics Module 1,
,' N . = v - \ .
developed by Hansen, is still applicable even to non-*linéar systems. ! There 1s
¢

a slight ﬁodification.that we must discuss and this will be outlined in =2

N

later section. ' . ' :
. f . ’, ° . . e ‘ !
The overall heat transfer coefficient is also f§lati&e1y difﬁicult to

obtain so we discuss this and related parameters in the next section.

% . ' : - |
Problem 2.2.1 ’ . .

M

Show.that 1f T is the température in the center of a fuel pin‘and T, is .
o . » y . e

+

the moderator temperature, then.

. N2 .
P(t)a” . P(t) 1 b
T =T, + + L]
o~ M V. "2V |k clad n 3

The: inner radius of -the clad .is "a" and the outer radius is "b!..

1 .
+ —h;i‘—g .

s
-~
w
.

esiad
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2.3 The Feedbaqgi?;rameters e

L ¢ N L4
¢

ihere‘are,Garious y ame&ers that must be obLEined in order to numerically
solve Equation.(2.2.]$). We list these_péremeters.in order:.
. < .
l'. QM - The moderator (coolant) temperature coefficient of
) ’ T reaétivit;. . B
zx\ltf - The temperature coefficient-of reactivity for the feel.
‘. Cpp - The total heat capacity of the fuel,
4. kF The, thermal conductivity of the fuel. c
5. h1 ~ The overall convective’ heat transfer coefficient of the .
. . ,fuel to mqoderator surface. ) . oo e,
. 4
The flow rate F, the fuel volume V,, etc, are all parameters that can be

F '
obtained from specifications of a particﬁlar reactor type and we shall not

discuss these any further.

P

We first obtain a relation for a,. The Final Séfecy Analysis Report of C
& OF Gy e Finat e fPore

_nuclear power plants geherally have a curve of % as a function, of power level

@

for ‘a giGen boron insertion and a critical rod insertion.. The cukves generally

2

follow the pattern that Gy is constant from about 10% to 66%’power and then

decreasds rather dramatically between 60 and 100% power. o, is assumed to b
negative.‘ A
' R d

x|

M. .

)




o

’

We will therefore take &, to be an input—constant but an accurate analy$is

would necessitate a knowledge of: the vériation of %y with power, o ;
. The 0‘F(P) is also rather diffilcult to calculate. ,To do this, we 'us°e
. N . aA Q .
Equation (2.2.75,- i.e. . .
. ) .
. N X\
‘ 1 akeff !
a, = Bl (2.3.1)
_ ' %F Kogr Tp : i
" Now if we use the relation N\
“ ? L™ N
keff = np.fe Lf L~th (2‘.3.2)
./~ then- ~
LY _— L 2
'Q‘n(keff). = n(n fe ?“f Lth) + .?,n(p’)
»n .« - — ’ N
and if we assume that the resonance escape probability p is the only fector
: ) Q . ~. ’ ¢
which ch:glges with the fuel témperature, then
— dk ' -
1 eff 1 dp
= — = = ‘ (2.3:3)
*F ke 9Ty P ATy
A standard exp—ression for the resonance ;scape probability is (2)
£y . . = . !
TN,V | ) x
- F F . . .
..z R(T‘E) .

. i '-~ pﬂ.e N ,
2?

—

the resonance. integral R(Z;) is given by the empirical relation

v

¢

T . R<TF) = R(TFo)m;y.(@ _,/‘iv;;)] ‘-r o (2..3..5)




14

where TFO is thquui’l;br.imn temperature of the fuel.. \ .o

S . : N
' We now relate "p" to o in a way so that the oy can be calculated. Let =,
: ¢ Vr o : '
‘ a. = : ’ (2.3.6)
R | 5 "By Loy Al -
. ¥ — .
then
¢np=- a; '.R(TF?? o (2.3.7’)\ B
. ' " »:
and
! . dR(T.F) ® R(TFO)Y ‘ : -
- O as —a7 = - a . (2.3.8)
: F 2T, D T
IF we substitute TFO into p we get ) . i ‘:\ . o
, y - a, R(T) ‘ —
~ _ 7% Mo
7 / dJ > p(TFo) e . - _
’ or ' ) L
' _ ¥ . :
An — 1 ‘= a_ R(T_.). -.(2.3|.9)
- p(Ty) 5 " FO - b2
. Fp/ . Y -
’ - [ . r ..'
For an arbitrary value of temperature T-F we obtain ) :
i . . * -
: & : e
’ &n -I;-(T—F)" = as R(TF). ‘ ' (2.3.10)
* . * * P—o -
Dividing Equation (2.3.9) by Equation (2.3.10) we.get
! ’ ' ¢ —_——
-+ ) zﬁ-_.];_ ' ' o % N
‘ R(T.,) - p(Ty,) 2n p(T,.) -
., FO - e m . = + - FO ( . - (2 3 ll) - .
Lo T  R(T) . 1 2¢n plT )y .
.. . - P .R,n (T . . - , F \ . —
- P ~“.F? X o
o = .92 ‘ ‘
! 4 - +
s N ¢ ® L
L m. < “ . $> " 7 s




v T Ceet
¢
& |
T Insertiﬁg Equation (2.3.11) into Equaéion (2.3.8) we obtain . .
S ag = - —x_ [a R(TFOX] - R(T,) ;;_E_%;Egi . (}a
S e 2T 2/1, N
. _J ’ e i ’ <, ©
Equation (2.3.10) yields - ' . - | ' ’ w .
‘ _ , ag R(Tp) L - &n p(Ty)
.. R - . a e .
So » . ’ ’
\
' ) - Ln p(T.,)
' ap == = L an ()] -
Z‘J'I? 'F . p F« -
. 1 (2.3.12)

In our modpie,'we will assume\Thaf Y and p(TfO) are read in.

Thé_third item of discussion-is Cpf’ the total heat capacity of the -fuel.

T . . . -
It is obvious that , 'S t . -
4 / . .
o . - 4 - . @ .
. ~ = . 1. . ¢
S : . G = Vp Gt Py 2,313
o~ * » . [ ,‘ .
R - . ) * > ~
2 " where C;F is the specifig heat capacity of the.fuel, i.e. the units are
_ Btu/1bm-°F, pp 1s the density of fuel and Vp is the volume of fuel. There is
s I 14 : ’ PR

a-small vafiaﬁion-of CPF with,ti?perature but it is small for UO2 in the

A
regién of'?threst. The value that will be of interest for us 18 0.0590 Btu/lbm-°F.

\

* The thermal condtctfvit} of the fuel is a functioq‘of'the temperature.

4 El Wakil (3).1lists values of kF as a function of Tpe We use these values to

.~

' obtain'a polynomial regression of 'theka with she F ’ | /

. -
» v
y
2
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e . . o L - N
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cooling. The relevant.relation is N -

16

.

>

- -~

The last quantity-that we discuss is the overall convective heat transfer

.

* coefficient hT The heat transfer coefficient is d%fined by Newton's law of:

- . v

- ' ]

v ¢ >
~ .

.

‘ . A'F~= hT(T . (2.3.14)

' ]

«

. where AF is the fuel area. There are many factors which influence hT such as

* .

i) the temperature of the sys:tem

11) - the heat flux y
’ o . A » * .
iii) the physical properti—es of the-moderzzting material (
' + 1iv) the geometrical shape.of thevcooling su\r’fece o
V) the flow rate of the coolant i _J%,“ J
. ) v

Iv the PWR, the coolant flow is turbulemt. Therefore, to obtain the heat

-

. ) N -
transfer‘?:oeff_icient’ h; We assume that, * ’ g C
. ' % - . -
L "o e . CkMR 0. 8P 0!333 . .
R 5 .. < . hT . . (2.3.15)
3 L. ‘. . e . ) . i
. . ., _ S: - - af » K \ '
" ’1 s L : S;here 2 " T ) . ,. L
v v B ) )
-« 37 N The equivalent diameter of flow channels through the-fuel
. e ‘ “' ] Ve v < - . o —' ~ . . o . .
D rod bundles oL ' * .- - . . P
s "~’ -_ -“»” - l . * " . ) . T v " ’ (’ ‘v
kM 'l'he therma»l conductivity of the moderator P
. » V- " * -’ ;"— .

C "= The Colburn cortection factér for fhxid flow paral'lel to the

- R .
-

N ) tube bundles .
{ R
Re = Rey'nl')lds number ' i
S | : .
Pr = Prandtl number of the coolant~ in the core
U ¢ . K
Ny e ' . ‘

.

ks
- e
e X
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Equatlon (2 3'15) was a correlation recommended by Weisman,

The Prandtl-number,

is taken from the 1967 ASM’E Steam Tahles.

@

t

~

¢

The~equiva1ent didmeter of the flow channel is shown in Fig. 2.3. 2.

If

~

-‘ ) N De =5 - : . (<2.3.16)
st . . . , v ¢ .
4‘. ’ \ . . ' ° T

. ? ) ‘
For a typical PWR, D, the diameter of the fuel rod5 is 0.03583 ft and tbe pitch .
(the distance between ccenterlines of fuel rods) is designated as Pc. The
Colburn correetion factor is an empirical‘relation and is - -

. P , -
v %-C =70.042 5 =0.024, (2.3.17)

°

’ N
. .

therefore with time, as‘h (t) and th

A
-

Eqpathn (2 '3.15): we have-- .

P

uilibrium velue'as h(0)

S
Je let "a" be the area\Ef\tgs\ﬁlow channel and Pw be the wetted perimeter, then

-

. " So we denote the heat traaner g ff1c1ent, which varies with powef and

. Usiqg

e .s" . d . N\ "
: PR N (> k.M(t) R08Pr1/3 4 o
o R *3(0‘) g, 7% 80) pe(0) - Coer
0 - ‘. - "q S . ,
. or . -~ . .
-j" « ey h f»’ R
: :' .“ ’ 8 N~
. (o h(O) dot) p, () Pr(t) é
I t) = . (2.3.19)
. T ’ .
A kM(O) prl/3(@) u(t) ( oy (0. 5.8
H o . 0 (0
" where we have useq the fact that - a . .
M A|_'7(
:;A ' FPEER . - .- . pM‘vD ' = . .
: ] : Re = == v 4 (2.3.19)
‘~ « — ~ . v
: 35 v , ,

%
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-1 <=3 P62
= - + . ¥ - . . .
(D) = 8.5067x107, ~ 1.7501x167° L+ 1.1142x107 Ty (2.3.23)

Fl

o

and for the thermal conductivity of .the fuel, we ha\pa'\

. kF(T) = 6.162141 - 4.636522:&10—3 TF+ 1.306299x10-6.T§.. . (2.3.24)

-

® The temperature is for the fuel in the case of ’kP but the ‘moderat.or temperature

otherwise. ’ ) -
W . , . "
Problem 2.3.1 , . ) ) Lt

Given the following data: N

~

; R, = 0.015042 ft “\

" Fuel length = 12.00 ft - L

. & Volume of reactor. vessel = 3643 ft3 Z
Number of fuel assembl"le.s K 145 o0

: ' fuel rods per assembly\:= 208 . ..

Rod pitch = 0.04733.£¢

. > 3
: p = 43,214 1bm/ft

‘v =16.3 ft/sec »
5 ;o. 2

,
t
-
i

b=t 5,828 x 10”

. . . < . . g
/ . D

o Q.04377 ft

. .?~

.s . Re 52\8,998

- . *o .
-Pr = 1.01 .,', ’ i Y
.\ . ',‘ . " - ' R
' . kM 0.3010 Btu/hr-ft-"F °

4 N .
k4 Q -

a) show the Cdlburn corfection 1s°.0.03148

© b) h = 8232 Btu/ft’-hr-°F.

! ’
.

,‘ N ' } .‘ . o . 97 .:‘ . ’ R /
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2.4 ngerical Solution of the Dynamics Equations ’ '
b o s
The numerical integration of the differential equations can be carried out
i} " once:the various parameters, such as the heat transfer coefficient, thermal

condUCtiVity, etc s have been obtained We again write the equations so that

werpau proceed to use Hansen's method in their solution. FUMOTEM solves the

? o kinetics equatians using Hansen's method.’ The:system of equations is
., . ‘ ’ . . \
a . . di(t) .
: - | . T = A 80 +_1; (2.4..1).
vhere ’
- ; -
» ) ’ . . - . . i . ) 6
. . P(t) | - -0 i
- h OIS B :
° i = ) §- = ) (2°4 2)
. ‘ TF(t) ] 0
: x mM 1(t)
' ’ By (1) . > v
B _ , B MM )
’ T
l 4
. and - —_
' ' t) -8 ~ .
o ' VA A 0 0
' % Ly 0 0. ¢ S
. T A S R (2.4.3)
T T e sl B
205CpVy FCFVF v PECeVy
-2 m.
\’ ' P A\ 0 0 } :M
- Mou'M PM "M
.. . : o
. - -




L4

. N L]
S
\

~

-

subject to the constraint that

I

)

p(t) =p

21

o + aM ATM*+ g

Eal

ATF.

7

é

(2.4.4)

A}l the parameters involved in Equations (2.4.1) - (2.4.4) are defined in

section 2.2.

°

14

[ 3

Hangen's me%hod'must be generalized slightly for the.solutioﬁ~of Equation

(2.4.1). We break the A matrix into three parts:

with

s

\:‘/.

-

(‘2.4.5)‘
—=
[ 4



N

0

1~

\J

. ’ N .
Equation (2.4.1) can then be written 34

d : .
O B0 = LD g (D) +E . (2.4.6)

’

L4

We wish to develop an iteration prbce&ure\for the solution of this system®,
. —

and advance to time t

0 , and define

, so we begin the calculation at time t 1

)

L

h = t -t (2:24.7)'

\ ' _ 1 %0:

v . A

Before we use -this relation though, let's multiply each term of Equation (2.4.6)
¢ _rt ' ' g < / ~
by the integrating factor e IQ D(t")de so ., ' ‘ ‘

r

~Ep(enydet db ~rSp(endaet st peenyae! © o -rE p(etyde!
o= - o= o = A , 0=
e T -e D) = ¢~ (IHD(L) + e .

.

t K ¢ & ) '
-fo D(t")de'" . -fo D(t")dt’ .
S(r=e °° @L+Voe) +e " B (2.4.8)

Thé left side is an exact qifferential S0 we integréfé from.0 to hiand obtain
T ‘ T : I

f - 0
~ . -

]

B .




-~

. v - ,:
”_fo Q(Fl)dtv
e

.

or 4

?;('to""h)de

o

Here

o

Y

$(t)

h

e
[o]

. +f2.2(t')dt' .
: ‘ Q_(to) +f e

h h —fg g(t')dt'
-/,
0

0 N

h

o

h
)

s

»

Q(t')dt'

(LD $(£) dev+

+fg D(t')dt' - fgig(t')dt'

1y
o -

.

e

©

{

gﬂto + ©)do .

¢

/

‘—fg g(t')dt'.

Notice in Equation (2.4.9) that

2 B(eae!

fh p(t')dt' - ft D(t')dt’
tQa I . 0 = e

e

.

Therefore the equation’ that must be solved is h
. -

» i

°

h

o D(t")

"R e
¢(to)+\f e

(o}

s
g('to +h) = e

g(t')dt'~

(o 3=2

P - 101

+

¢

dt'

LD

- h

/

t +0
50

e

Sy
.

h /] D(t")dt!
e
0

N
-

@ + Dol +6)do

(2.4.9)

-

D(t')dt'

4

t°+9

_B(t)dt

i(tO +‘éldt

-

v N s
«
. o}
.r
~ .
R
[




-means we must sol\ve ‘the equat:iaon
¢ ) #

) B

to+0
+jr e
0

D(t')dt'
' B(t, +.0)d0

o

.

.

(2.4.10)

>

¢

Equation 6.?4.10)‘is an integral ‘equation so we must appr:)ximate its

solution. To do this, we assume that

¢

Ny . wOO
, _Q(to+0)=e

where'wo is ‘the largest eigenvalue of th% matrix A evaluated at time £,

’
~

/ : :

¢

$(t Oé

\ . lé - Q_I;l = (0 .
4
or , ‘
. ;
[o(r,)-8 . 7
T A 0 0~
% P A .0 0
* . - . . .
det T _ \ .
1 AN
2pFCFV . p FCFVF pFCFVF .
x A ‘ ‘
U 0 o Py
‘l
to obtain. the eigenvalues, w s wl,' w, and Wa, where
v, . ‘. . ? ’ )
wo >-m1 > w2 > LO3 .

o «é'
« oot

102

.

.

(2.4.11)

This

»

‘.»A

t

(2.4.12)
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w0 >

RNErS

(A
*

\]

The w's are, of course, time dependent quantities. .

We alsg look at B(e, + 0) and assume that we cah-expand it in a Taylor series

L
- &

.so,ghat '
v . e s, 2
. I ' ©dB(r) o 5 dB(e)
B(t. +0) = B(t) + 0 — +5 00 ——+ ... (2.4.13)
0 0 dt : 2 2
.o do .
. )
and also . -~ : . ' !
) L(t + 0). ti- lﬂl(’to +0) = L(t) + uce) + ... i (2.4.14)

”

We&shall keep on‘ly the lst terms of these iexpansions. &
.. " ' .
. o/ N
Ingerting Equations (2.4.14), (2.4.13) and (2.4.11) into Equation (2.4.10)
we get. (after assuming that f};Q(t')dt' x 1=)(J:o)h ) .
. . ' . " . \‘ * ‘.-
. b, f™ D) s w© L
. géto +h) =e "$(t) + e, (Lt e i(to) dé
. . . - ?

o]
h- 2(}1-0) w
+fo e B{t ) do

_ Dh Dh [ (1-peln
=e $(t) te-(ol-D) WL+ Do)
- > ° o = =

-

~
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We now write H

Equation (2.4.17) and the explicit relation for L and U; then

Hl HZ 0 01|.
) Hy H, - Q 0
H = ‘ !
= ol
p H5 0 . H6 H7
_-H8 0 \ 0 HQ_

o 'Dh -, Whl Dh
d(t +h) =e $(t) + (wI-D [e” we IL(t)) + Ut Iele) o
) . " a .o
. s -1 gh'. ©
+D (e - I)B(t)
‘ If we now set -
‘ . .
. £y =
) el = 4
and ) ’ - .
. \
+ = ..
’ ) _q)_(tj h) 'q)‘j'*‘l
Then Equation (2.4.15) becomes
) ... =H¢, +RB
iJ_+1 g 4 ==
where /
0
Dh - -1 wogh Dh
Hze + @WwI-D Ie -e ] @+
¥ /
with all quantities gvaluated at time t , and
S | -1 Dh
‘ - B=D (e - D

r

(2.4.15)

(2.4.18)

‘

and B explicitly for our problem. To do’/this, consider
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where
* -
l v
4 0
>
AY
.l' ,
*
.
¥
V4
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| S-S
1Y -
5
W
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.
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v
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Al
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R 27 .
. [p(to)—B] ,
——h _
= . ’
. Hl . e .
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' w h ®  h
.. Q. LA .
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s

and the R matrix is -

[[ o8’ '
p (& .
WO

0 %(1—:3'3.h
- ; .
X 0o - 0
0
0. 0
Rd

The basic iteration.procedure in FUMOTEM is as follows:

28

| 2iy} ‘
wh p, V S
1 e - e M.M RPN {
PyCyVy 2, .
R Y
: L % Pu'm .
[l r ' 2.‘ 9
. Ty
S 2 Rl ‘
_ ™ |e - e M s
Pr'M 2
i u)o + ——V—
SRR ' '
[N R \
A 2 \\ o Y
0 0 ) .
y ')
/-\) -
0' 0 " N
- o ~ o~
n o (2.4.20)
41rkFLFNh~ .
chF-vF ch ). , -—_,
&kaLFN .
_gﬁh
. oV S h
TP PRI & I
- . Znh .
( p

. Calculate the pertinent reactoﬁrparameters such as Cps hT’ t, Py Mo QM’

Ml’ Gy h, P ot Vv (the coolant velocity), some optional settings for print

4

! out and the time length the program is to operate

‘kF’ and ky for the guessed initial conditions.

The parameters read in are

’
-

106 ‘ °
6 t . . '
: .S °
! .ﬁ v ‘ w‘-‘..
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q,
K4

\ N \ .
;2. Construct the vector $ (0). “We can chop?emthe parameters of interest, i.e.

-~

- ) P(0) = 500 MW, : L
C ™ ) ’
._\and_ N -
7 \ Q(0) = P<o) MM, -

LY s ’

The fuel temperature TF(Ol and the moderator temperature TM(O) are completely

14

determined by P(0) and the above read-in parameters. TF(O) and TM(Os are
difficult to ébpain sinéé CM’ kM, u etc. depghd on the temperature. This
difficulty is overcome by using an Xteration procedure. The method is a$
follows: . . N

?Q From P(0) and initially guessed values Téo)\(O) and ng)(QX

\

calculate ﬁM from the relation
\ ’ o
. i (Ty) = py(Ty) Ay . (2.4.21)

l‘ p Equat1on (2 3.20) is used to obtain pM(Tﬁ) from the guessed

. . moderator temperature T(o)(O). Equation (2. 2 lg) is now

used to obtain “an improved guessed power‘P( )(O);

— ey = 2,0, @@ - 1,0, (2.4.22)

b) The fractional difference between'tﬁe‘actual.power and P(I)Zo) is’

' b

12V - p)}

E = a Qb2
Q@ - : P23
If E <A (A= 0.01 aﬂg is an input) then the guessed temperature - AR

T(g)(O) is the correct moderator temperature., JIf . '




" Ee L (2.4.20)

A\

then change T(o)(O) to T(M)(O) and repeat the above until
convergence is achieved. o ; ‘ .
<) The Ty (0) is now usedgln Equatsg ‘(2.2.17) whicl, for equilib—

4 .

rium, becomes,&after solving ng TF(O)’

i

'SHEFLFN

This step also requires an iterative procedure since kF

TL(0) = T,(0) + g p(o> > 2.4.25)

R 4

is a funct%gn of the fqgi temperature as seen from Equation 12.4.25).

" 3. Determine thellargest eigenvalye of the equation

) |A - wI] =

‘ ~ This will be’ the solution of a 4 x 4 determinant which is rather easy on

’

. thé computer. From this determine the largest root 99' The Newton-Raphson

method is used. to calculate a11 four roots of this polynomial and then" the .
D

largest root is picked by comparison of the roots. The subrdutine POLRT

is uged for the determination of W, for each time step. Module RD-1

-—

describes’ the Newton-Raphson method.

bd

4. Construct thefg(co) matrix using Equation (2.4.19) and g(to) using (2.4.20)
5. Determine the vector 4, from Equation (2.4.16), 1i.e. Lo \
& = Be g, *+ B(E B,

’

g
A . .
H. Repeat the above procedure‘using step 3 and ‘continue as long as required to
achiere‘theysolution over the t;me domain of ingerest. k$he.time steps are
' ‘choeen ny the cri;eribn h ¥'%;1and h 18 constrained to be in the intérval

a ¢

0.005 < h < 0.05 sec. A ‘
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2.5 Input-Output Data fer Code FUMOTEM
L. : T
The-input data requ%fed for the program are presented below:
Data Card Format -~ Format , Unit Variable ‘ I
‘ Number Statement , Name *
* Number : . Description .
, . . . AR 1
1 20 12° - NOPLT Plotting -option ) e
1 -~ plot S \ .
0 -~ no plot . «
. '
2 30 F10.5 -1 BETA Delayed neutron fraction
F10,5 sec_] X Delayed neutron decay constant
’ F10.,7 sec XL . Neutron generation time
F10.7 $ ~. RO reactivity, p_
110 L - NRO option for the type of ~
" . reactivity insertion .
' . ‘ ' F10.5 .8ec RTIME Time duration reactivity is .
-1 inserted for ramp input (NRO=2)
F10.5 sec A reactivity insertion rate )
3 40 F10.6 °F-;' AM *  Moderator temperature " -
, y ~ coefficient of reactivity -~ « %
_ F10.6~ (°F) G Constant for .resonance capture
F10.6 - PTFO Resonance escape probability, P
4 - 50 F10.5 ft RF Fuel radius, T
- F10.5 ft PC - Distance Between fuel pin 2
Beu centers, P )
¥ F10.5  fpoof. CPFX Specific heat of the fuel, C
4 ) : F10.2 = 1b/ft> FDENS Fuel density, p
i © [ F10,2 ft FH © Fuel height, L
110 - NA Number of fuel assémblies
‘ 110 - NFRPA Number of fuel rods per
) o Lo assembly .
5" © 60. F10.2 ft/sec 'a Average velocity of toolant, ¥
F10,2 °F - IMI _Inlet coolant temperature to the
: core T -
. l ‘ .
6 - 170 F10.4 - sec TE End of calculation time
F10.4 sec DH . Time increment ’ .
" F10.4 —— DELTA A Convergence criterion for the
: - .. calculation of the initial - .
! . equilibrium state ‘
. . - . . “~~
7 .. 80 - F10.2 MW PPW Initial equilibrium power .
’ ' o F10,2 °F TGUES Guessed initial moderator temperatute
S . , o obtain equilibrium
;- ~ " F10,2 °F TGF Guessed initial fuel temperature for '
. : obtaining -equlibrum conditions, =

[
:i?fi&‘ . . . 2

SR
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In additton t6 these seven data cards, there is an eighth card which has

the impression as shdwn below. This ‘card is necessary for the plot routine._
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> N ’ .
writing of all the input data. The second is the equilibrium state calculation

[ .

The output of FUMOTEM consists of three parts. The first is-simply a

~

and the third block of data is the fuel tempergture, moderator temperature

. .

reactivity, exit temperétuep, power, ap and Q as a function of time. If the

»

. user speciﬁies, a plot df.power,precursor power, TF’ Tﬁ and reactivity as a‘\

# .
function %f time ig provided.

|

Problem 2.5,1

.

~ !}

L}
~ .

'Run FUMOTEM for the sample data cards shown.

Prg51em 2.5.2 ’

»

H

I

with the{following parameters:

¥

RTIME = 4.0 sec

u
H .

_ NOPLT
‘8" = 0.00645
A = 0.07695 sec.'1
N

= 0.01504 ft -
= 0.04733 ft

>
= 0.0590 Btu/lb~°F
N 03
= 43.2 b/ft
=12 ft

= 4,0 sec

1
e

4

'

’

" DELTA = 0.01

Run FUMOTEM for the reactivity .input

pkt) = $0,.50 cos 2.5t

E

O == 0.00005 '
/ R
y = 0.0002
P = 0.80
(o] . A

)

Number of fuel assemblies = 745

: ~NumBer of fuel pins'per assembly = 208
. ‘ '

o
T,; = 400°R

[ . . -
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- ’ e
a~ '
. DH = 0.01 sec £ .
P = 1000 MW
o
TGUES = 200.0°F oo
’ TGF = 500.0°F - ./ ~
v = 13.0 ft/sec '
Also run the same calculation for v = 26.0 ft/sec.
. a
R < .
- FUMOTEM 1s written in FORTRAN in single precision except for the eigenvalue.
. . N ]
calculation. The solution of the equation
°o A -wI|’=0
¢ Al
N %
for the root Wy Wys Wy w3 is done in double precision. All four roots are
| . détermined and®the largest one is picked to form the H and‘£ matrices.

The memory requirement is about 40 kilobytes and the execution time varies
with the time length. ‘Q&e‘reactor is to be simulated. Generally it takes
about 1 1/2 seéondé of computer time to simulate one second of reactor
transient time, ' R

c - )
~ , -
' - - -
- 3
;gk. = .
» ~ . » .
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It V “ a ¢ ¢
s ' . List of Symbols for FUMOTEM
\ 4 “' . LN .
, ‘ The following symbols are listed in aiphabet%§al order in the FUMOTEM
program. \
. 2 .
A a Period of reactivié&y insertion
AF ap Fuel temperature coefficilent
AM Oy Moderator temperature coefficient
. [} L . .
AMTRX _ Subroutine to form the A matrix
AMX ) ) Elements of the A matrix
. . »
AX . Coefficients of ‘the EIGEN4 polynomial,
5
i.e., if J a ", the a_.
‘ = n
/ ° 2
BE B matrix ‘lement,
. ,
BETA B « Delayed neutron fraction
~CK e & * * < Function subroutine to calculate the
water thermal conductivity as a
é function of temperature (Equation
; . boo2.3.21)
I‘
CoL ) c . Colburn number (Equat%on 2.3.17)
2 . }g\ | .
CP CPM _ Heat capacity of moderator as a
. function of T $
. ' M 3 .
. 2
CPF § NCPF Total heat capacity of -the fuel
CPFX -éPF‘ T Heat capacity’of a single fuel rod
“ .
CPG, CPMX ) Cpﬁ Total heat capacity of the water
B . . (\ .
CX, CGUES ky Thermal conductivity of the yater
+  DE De Equivalent diameter (Equation g.3116)
‘ DELTA T A Convergence criterion for equilibrium.
¢ . calculation
by " . 4 B Lt
3 g A 5
‘ LY 1 ,
. + 114




DF
DH
DH1
DH2
DM

DOTMG

DX, DGUES*

EIGEN4

EIGENV

FA

FCA
FDENS

FH .

\
FK

- ¥X, FGUES

-

<

nx

37

oA

Fuéi.diameter . .
Time increment ($INCR) ~
Lower limit time inv:rement
Upper limit tim; increﬁent
Time at any instant

Mass flow of the coolant
Densit& of the coolant

Subroutine to chqnge_lé -‘m;l =0 R
to polynomial form

I/
Eigenvalues of the A watrix
Heat transfer area
Fuel ‘cross section area

'Fuel; density ~

_Fuel rod length

"

Function subroutine used to calculate
the fuel conductivity as a function ¢
of temperature

Flow area

%
M ermal conductivity df fuel

Constant in Equatioﬂ (2.3.12)

Subrout{né to multiply an nxn matrix

"with a columm matrix y

\.,
Heat transf r coefq&cient

Elements of the H matrix (Equation 2 4.19)

&'

Subfouéihe to form the.H matrix

R
Elegbnq of the column matrix H¢
ﬁ(' ™~ T

Heatftrgnsfer coefficient

“ - . 1

'Y
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NFRPA

NIN

NOPLT

NR

NRO

PKL

POW

PP

~

T 38

“n

»

.. Order of the’'nxn maqrix

Option for plotting

-Input™power in MW

3

N

Dimepsioned time

Number of iterations

~

Number of-fuel assemblies

: Total number of coolant channels -

Number of fuel rods per assembly

Number of iterations calculated
from insertion time and initial’
time increment -

Total number of iterations, caltulated

from end time and initial time increment

i

-

READ statement unit number

5
-~

Option for reactivity ingertion ;
< Da B §

WRITE statement unit numbefk

ﬁummy variable used for print out

y [N
Square pitch area for channel?

®istance between fuel pins

3.14159 .

4k Lo i '

Power in Btu/hr .

>
P

Prand#l number funhtion?gubrbutine

S 3

Wetted perimeter

L3

Precursor densfty (Power) -

Reactivity ingerted -

Element of column matrix R B

v
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pM(ng

= po(l+a t).

e

Po

p = eosin at

Pr

S
Pr™ Pin

e

Function subroutine to cglculate
reactivity for a cosine insertion
« - :
Function subroutine to calculate

the Reynolds number

Fuel radius

Function subrottine to calculate
density of H20
‘Function subroutine to calculate
reactivity for a ramp .
Subroutine to'form the 5 matrix
(Equation 2.4.20).

Reynolds number ¢

‘Reactivity Jdnserted at ¢ !\0 .
Eunction subroutine to calculate
reactivity for a sine insertion

s -
1

Prandtl pumber

" Total reactivity, inserted plus
feedback

Time when inserted reactivity is
removed (for ramp reactivity only)

. , Element Gf R matrix (Equation 2.4.20)
Dimensioned reactiv;ty

‘Totaly crovss sectional area of~the fuel °

-

. Total cross aéceional area of coolant

k2

' End of calculation time

-

Total heat transfer area .

.

Initial gueéa for fuel'temperature

/
Equilibrium fuel teqperature corresgonding
to P . * %

.Initial‘guess‘fqr moderator temperature!§¥;/

]

-9




. Tyo. e

@ . N

Inlet coolant temperature
- 1 . - S

Equilibrium coolant temperature

corresponding to a given Po

Exit temperature of core water

Subroutine to plot five variables at

the same time with respect to the .
independent variable time T

Function subroutine to calculate the
viscosity of water as a function of

" * temperature

<3

A9
. -
i .
- . v
a 2
.
“p
P
°
i
v
» 4 ~
- .
)
.
[
’
i
A
ot
&
b °
B »
o
.
-~ . .
L
ks

Viscosity, of*ﬁi‘ .

Mean velocity of coolant

-

Fuel volume ° °

Coolant volume

The latgest eigenvalue to the
equation. |A - wél = 9

Decay constantrof the’ delayed neutron
group -

Theoheutron generation time:

v

y i

I~
A~
Qo




Geometry

Cal culaﬁon

I

Equilibrium
conditions

Y

Form Initial Qo

N f

«/NopLT

W |

Store Q for
plot

4.

Calculation to obtain

‘fuel area, flow area

etc, are necessary

v

Once Po is read in,
then-a consistent fuel

|

and moderator equilibrium

temperature is obtained

Initial condition -
vector is fo from

the equilibrium values

»




¢

If the feedback reactivity
coefficients are positive
the program stops. Loy
Actually, a '+ must be
less than or equal to zer

I

t

-~

One of these
four reactivity
p ‘ insertions is
"to be used- .

. ) , s
p,(E)=p 6, (t)=p (ltat) p, (t)=p cos at p,(t)=p sinay.

-

v ’ . T
N A P I I
4 * \ L0 ¥
* Really, since the B
3 . : ‘ <¢vector has 3 zeroes, ‘
Form B ® only thé number
X ' ] 2oy T

N - ’ p Py V.

. ; T B . M

) ’ﬁ F ' 6 M h
needs to be solved.

7/ . Form A

A ‘ matrix
e . ‘ . o , This ca}culates the ’
. ] ; . A - wl| = 0 and puts__
.o - EIGEN4 it into polynomial
N . form

%) B
} " Calculates the largest
POLYRT’ eigenvalue o ’

120
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N

[
O '

4]

PRALTS eptia

v
SET
FORM FORM
R ~ i
R —
GXN GXN -~

Add .
Matrix
to obtain g

T ’

.

B(8) = B (0 pg(e)

At is coéstrained
to remain in the
time interval

0.005 < At < 0.05 ‘Q

GXN is a subrout%gg
which multiplies
matrices to obtain

6 (t)

Cilculate total
rdactivity since
kntw inserted and -
feedback components

If t > t_, set

LO% p§(f)

If not at epd of
calculation, go
back °

-

-
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Y This ‘subroutﬁ.ne
- plots the st: y '
» . vector ¢ aé a%yg
- . [ ) function of time. .,
¢ . .’ . ) A
.8 .7 . - X
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J/WATELV ONEGA, TIME=300+PAGES=50 s .
I e PWR FEEDBACK =======ceccaseccmanaa—oo A 1
C . o A2 .
C R . A .3
c CODE NAME Funorsn. A 4
C A5
N C OBJECTIVE A 6
. c 1.EXAMINE THE TEMPERATURE FEEDBACK MECHANISM OF A PWR AND A7
c - A 8
c 2.SOLVE THE -ONE DELAYED NEUTRON HODEL WITH FEMPERATURE A9
e C FEEOBACK FOUR A STEP INSERTION AND A RAMP INSERTION OF A 10
. C REACTIVITY . A1l .,
; c ¥ A 12
c PROGRAM ) A 13
c . WRITTEN IN SINGLE PRECISION . A 14
c . A 15
[ . : t A 16
(A DESCRIPTIONS OF INPUT PARAMETERS . [
_ c. A 18
c _FORMAT~ PARAMETER FUNCTION UNIT A 19
C NUMBER A 20
In . . A 21
C 20 NDPLT OPTION FOR PLOTYING A 22 -
c - . 1 - PLOT THE RESULT . A 23
, _C. 0 - NO PLDT . A 24
. c A 25
c 30 BETA _ AVERAGE FRACTION OF DELAYEO NEUTRONS A 26
C IS 0.00645 o ONLY ONE DELAYED A 27
C NEUTRON GROUP IS CONSIOERED . A 28
C YR OELAYEO NEUTRON DECAY CONSTANT . 1/SEC « A 29 .
c Xt NEUTRON GENERATION TIME . SEC | A 30
c RO INJTIAL REACTIVITY INSERTED . - A 3
c ) INPUT RO IN DOLLAR UNIT . . A 32
C NRO OPTION FOR REACTIVITY INSERTION A 33
t AS A FUNCTION OF TIME « A 346
C 1 = CONSTANT REACTIVITY . A 35°
. ¢ 2 = LINEAR RAMP. INSERTION . A 36 .
C 3 - COSINE VARIATION OF REACTIVITY . . A 37
C ; 4 - SINE VARIATION OF REACTIVITY A 38
- C : WITH TIME A 39 :
C RTIME INSERTION TIME SEC A 40 X
C A PERIOD o CONSTANT . ° 1/SEC A4l
. c ' - . . A 42 :
c: \40 AM. ‘. MODERATOR TEMPERATURE COEFFICIENT 1/F. A 43 ;
(A 6 - _CONSTANT GAMMA IN EQUATION 2.3.13 A 44
C OF RD-2 . SQRTIF) A 45
4 -C PTFO *  RESONANCE ESCAPE PROBABILITY . - 8 A 46
. c A 47
. C FUEL ROD PROPERTIES . . A 48
c . . . . . ‘ A 49
K c 50 RF .. RADIUS . FT « - ; A- 50
S C _PC DISTANCE BETWEEN RODS . Fle . A 51 .
c » 7CPEX - SPECIFIC HEAT . BTU/LB-F A 52 ' -
c J -,  FDENS ODENSITY . LB/FT#*3 A 53 -
v c 't FH LENGTH o * FT. A 54 .
;| c « ' NA NUMBER OF FUEL ASSEMBLIES . . A 55 .
fa t NFRPA FUEL, RODS PER ASSEMBLY . . e A S6
. C i . A 57 2
3 c .60 v *VELOCITY OF MODERATOR/COOLANT FT/SEC. A 58
C ™1 INLET TEHPERATURE OF HODERATOR o« - Fe A? 59

»
-
kY

1

4
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/‘
¥ TE END TIME OF CALCULATION
OH TIME* INCREMENT , THE RANGE wWILL
. BE BETWEEN 0.005 TO 0.05 SECOND «
DELTA . CONVERGING FACTOR .
80 PPW GIVEN"EQUILIBRIUM POMER AT T=0.0
- - TGUES COOLANT/MODERATOR GUESSED TEMPERATURE
. CORRESPONDING TO PP .
1F6 FUEL GUESSED TEHPERATURE CORRESPDN -
¥ K DING TO PP . s P
MAIN PARAMETERS OTHER THAN INPUT . /
PDWER .DENSITY. . . \ . PHI(1) 4 MPE,MPEL
PRECURSOR DENSITY . PHI(2)4MQU
FUEL TEMPERATURE . : PH1(3) MTEEF
MODERATOR/COULANT TEMPERATURE . PHI(4)MTEEM
REACTIVITY AT ANY INSTANT,. RR yRY
TIME ELAPSED . DMHMX
TOTAL NUMBER ,OF dTERATIONS . NN .
COOLANT/MODERATOR EQUILIBRIUM
TEMPERATURE . TMO .
FUEL EQUILIBRIUM TEMPERATURE . TFO ’
HEAT TRANSFER COEFFICIENT . HX ¢ HGUE S
TDTAL MASS FLUNW DOTMG
DUMMY- INDICATOR FOR PRINT-QUT THE
EQUILIBRIUM CONDITION BEFORE AND
AFTER REACTIVITY INSERTION. NZ
FUEL ' TEMPERATURE COEFFICIENT . AAF
NUMBER OF ITERATION AT ANY TIME ., N

- . -

o

.

REAL MPEL(500) 4MPE(500),MQUI500)+MTEEF(50C ) MTEEM(500),MX(500)RYI

1500) R

DIMENSION: AMX(4¢4) s HHLG14) 1RX( 44 4)
DIMENSION RBOTI (4),El
DIMENSION PHI(4)+BE(4),RB(4)sHP(4)
COMMON
LPMX¢PIoNROD .

OOUBLE PRECISION AX.COF.EIGNV.ROOT!

—————— DEFINE REVYNOLDS NUMBER o PRANDTL NUMBER , HEAT TRANSFER CO

VI4),COF(5)AX(5)

-

MW "

F.

F.

BETAeXL e Xy FXoRFy OH'FDENSoCPF'VFvFHoVH.DX.QQTHG.HO.HX.RR.C

BFF{CIENTS o FUEL COEFFICIENT TEMPERATURE AND REACTIVITY .

RE(RELRE2+RE3¢RE4)=REL*RE 2*RE3/RE4
PR{PRLyPR2,PR3)=PR1*PR2/PR3

HUHL H2 o H3 4 H4 yH5 )=H]1 #H2% (H3 %%, 8 ) * (H4»* .3333)/H5
AFLAFLyAF2,AF3)=~AF 1 *ALOG(1,.0/AF3)/SQRT(AF2)

RT(RTl,RTd.RT3,RT4.RT5.RT6.RT7)=RT1+(RTZ*RT3)*RT4~RT5*RTZ*RT6+RT7

==mec-e—<FUEL AND HATER PROPERTY AS TEMPERATURE DEPENDENT .

FK(T)=0.61021E1-0.46365E-2*T+0.13063E“5*T**2
CK{T)20.117114013910E-2#T-0.18102E~5%T*%2

-

-~

-

oo
-0
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! 14 RHO(T)=0e57788E240.28018E~1%T=0.88346E~4%T#%2 A 120
N 715 . UtT1=0,85067~0. 17501E~2%T+0.11420E-5%T#*2 A 121 -
. 16 CPIT)20.47088E1-0.15753E~18T+40.17233E-4*T4s2 A 122
c . . A 123
C . ‘ A 124
c —mem—e——— MAKE SURE THAT NN EQUAL TO DIMENSIDN NUMBER OF A 125
c THE PLOTTED VARIABLE . A 126 .
« C . . A 127
17 NN=1600 A 128
18 NR=5 | A 129
v . « RWao - . . A 130
20 NZ=0 s ’ . A 131
21 . PI=3.14159 A 132 -
. 22 N=1 . A 133 »
. . 23 OM=0.0 ‘ ‘ A 134
) 24 <DH1=0.005 u : -+ A 135
: 25 _DH2=0.05 : o . A 136
26 OMH=0M*3600 .0 ~ ’ A 137
27 ‘R=0.0 . B A 138
28 RR=0.0 . . - a 139
29 MX(1)=0.0 i . A 140
¢ 4 A 14l
A ~~REAU INPUT DATA . A 142
. C - . A 143
30, © READ (NR,29) NOPLT ¢ A 144 ‘
' 31' **  READ INR,30) BETAsXsXLyROJNRD,RTIME,A ) A 145
. 32 « READ (NRy31) AM,G,PTFO - y A 146
33 . READ (NRy32) RF,PC,CPFX,FDENSFHiNA,NFRPA A 147
34 READ .(NRy33}) V,TMI : . A 148
(o : . - A 149
c ’ : A 150
. ° 3 € emmmeme- THE INITIAL VALUE DF OH WILL CHANGE ACCORDING TOD THE LAR - A 151 <
¢ c GEST EIGEN VALUE DF A-MA¥RIX . A 152
. c R A 153
. c . "A 154
35 READ (NR,34) TE,DH,DELTA * A 155
(o ‘ A 156
. ) € memeeee- READ INITIAL POWER DESIRED, AND GUESSED FUEL AND CODLANT A 157
- X TEMPERATURE . ’ A 158
o T A 159 -
%, e READ (NRy35) PPW,TGUES,TFG A 160
37 PP=3,412D06%PPH - A 161
c A 162
C  memem——- PRINT DUT INPUT DATA AND THE INITIAL . A 163 .
c R . . - ‘A 164 ]
38 WRITE (NW,36) - . A 165, -
, 39 - WRITE (Nw,37) . . A 166 o
40 WRITE (NWe38) BETAsXsXLsRD ' Aler !
- 4l RO:=RU*BETA . A 168 ,(’ .
42 ~  WRITE (NW,39) RTIME,A . A 169 ¢ .
. 43 * WRITE (NW,40) AM,G4PTFO A 170 :
: 44 WRITE (NWy41) RF,PC,CPFXyFOENS,FH ‘ ALlT1
45 - WRITE (NWs42) NANFRPA P A 172
46° WRITE (NWe43) V,TM1 . 4 173
471 WRITE (NWs44). NOPLTNROD . A 174 ,
i 48 WRITE (NWy45) PPWsTFGTGUES ) . A 175
§ 49 " . WRITE (NWs46) TE,OH A 176
! 50 WRITE (NWy47) DELTA A 177
o « G o A 178
3 . C , ==~==—-- CHANGE SECOND TO UNIT HOUR . : . A 179
‘o “ i N ‘
5 ) y
. . -
> -
- .
. ‘ L .
& - )
\ o :

- , . P ,
N A . N ’ p ' L P T '




\ Y )
. - - )
- - 48 -
c - _ A 180
51 NOH=[FIX{TE/DH¢DH/2.0) A 181
. T 82 IF (NDH.LE.NN) GO TL 1 A 182
. 53 WRITE (NW,48) A 183
54 GO TQ 28 C A 184
55 U XL=XL/3600.0 ‘ . A 185
L. 56 X=X%3600. > e A 186
57 V=V*3600- : ‘ . A 187
58 DH1=DH1/3600.0 . A 188
59 DH2=DHZ/3600.0 - - A 189
60 DH=Dh/3600. R A 190
61 A=A*3600.0 A 191
c ) C w A 192
L GEOMETRY CALCULATIONS FOR SQUARE PITCH-, . A 193
o c 0 A 194
LI 62 OF=2 .0*RF . ’ A 195
63 . FA=PISDF¥FH . A 196
64 » " FCA=PI*DF*%2/4.0 R . A 197
65 PAREA=PC*PC e A 198
66 . FLA=PARES~FCA A 199
67 . NROD=NA*NFRPA A 200
68 NCHAN=NROD c - A 201
69 TFA=NROD*FA N A 202
70, TCFA=NROD*FCA . A 203
. 71 " & TCFLASNCHAN®FLA A 204
T72 VF=FCA*FH*NROD ‘A 205
73, VM=TCFLA*FH ) . : & 206
/T4 -+, PH=P|*DF= : . A 207
75 DE=4.0*FLA/PH , A 208
. 76 CPF=CPFX*FDENS*VF A 209
oo 17 COL=0.042*PC/DF-0.024 ! A 210
c i 8 A 211
L0 Tommme—e- §TERATE FUEL AND/QOOLANT TEMPERATURE UNTIL IT CONVERGES Tu A 212
c THE CBRRESPONDING ER AND ITS PRECURSOR . A 213
C , ) v A 214
78 2 CUNT INUE~ | ' A 215
79 UGUES=U{ TGUES ) {__W A 216
80 DGUES=RHO(TGUES) A 217
8L« DOTMG=DGUES*TCFLAY . A 218
82 CGUES=CK{TGUES) . A 219
83 . FGUES=EK{TFG) A 220
. 84 PKL=4 .0%P1*FGUES *FH A 221
85 . CPG=CP{ TGUES) / A Z22
i 86 TMG=TM] PP/ {2,0#CPG*DOTHG) A 223
g 87 TFG=TMG4PP/ {2 .0*PKL*NROD) A 224
- 88 * RN=RE(DGUES s VDE s USUES) A 225
-89 RP=PR(CPG+OLUES,CGUES), . , A 226
. 90 HGUES=H{COL,CGUESyRNsRP¢DE} - % - A 227
91 PGUES=2.D*CPG#DOTMG*ABS { TGUES=TMI ) .o A 228
92" OP=PGUES~PP o A 229
93 DTM=TGUES~TMG . . - A 230
94 DELPG=ABS(DP) /PP K o A 231
) ) -C . . A 232
€ emmeme- ~SET THE GUESSED PONER AND ITERATE UNTIL CONVERGE-TO THE - A 23%
c CORRESPONDING FUEL AND MODERATOR TEMPERATURE ACCURATE TO THE A 234
. c VALUE.OF DELTA . . K s A 235
c : - . A 236
T 95 . IF (DELPG-DELTA) 64643 . ' ° A 237
'96 3 IF (DTM) 44645 . n A 238
91 4 TGUES=TGUES+ABS (DTM) /2.0 A 239
Q.‘ ‘ ’
) . ' 1 2 I
. O .
% ) .
(:l- & N
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. - 49 -
98 G0 T0 2 . .
99 5 TGUES=TGUES-ABS (DTN} /2.0 k4
° 100 G0 10 2 - .
101 - 6 CONT INUE : e
102 | QQ=BETA*PP/(X*XL)
. 103 QW=QQ/3.412E6
c
¢ mm——- e INITIALIZE MATRIX"PHI ..
c v
104 - PHI(1)=PP e ¢
s < 105 . PHI(2)=0Q . .
. 106 PHI(3)=TFG i
107 PHI(4)=TMG | : ' .
108 ° DOTMG=DGUES*TCF LAY .
- v : '
* L, =e=Ceee- SETUP THE FUEL AND COOLANT TEMPERATURE AT EQUILIBRIUM
c STATE . .
c -
. 109 TMO=THG !
110 TFO=TFG
111 - RS=RR/BETA
- 112 WRITE (6449}
. 113 WRITE (NW,50) PPwW+QW,TFUsTHO4RS . ,
114 - WRITE {(NW:51) RN,RP,COLyDOTMGsHGUES
115 WRITE (NwWy52) . . .
116 WRITE (NW,53) . R
cur 1 CONTINUE . / ,
118 MTRX=
c T ~ “ e \
R c ——————— STCRE THE VALUE OF POWER , PRECURSOR DENSITY , FUEL AND MO
c DERATOR TEMPERATURE , AND REACTIVITY EOR PLOTTING .- co,
4 C . . . - .
119 - PPW=PHI(1)/3.412E6 i - o '
120 QW=PHI{ 2)/3.412E6 ’ ..
121 ' TFG=PHI(3) ,
122 ‘ TMG=PHI(4)
123 IF (NOPLT.£Q.0) ' GU TO 8 :
124 MPE(N)=PPW
y 125 MPEL{N)=ALOG10{PPW) :
126 MQU(N}=QW g '
. r27 : MTEEFIN)=TFG
' 128 MTEEM(N)}=TMG, *
129 8 AAF:AF(G.PHI(3) PTFO)
130 IF (AAF.LT<0.0.AND.AM.LTL0. 0) GO TO 10 . .
131 IF (AAF+AM) 10,9,28
132 9 - WRITE {(NW,54) "
. 133 10 UX=U{PHI{4))
134 DX=RHO!PHI(4)) . .
135 ¢ CX=CK(PHI{4)) ’ . . .
: ' 136 * _CPMX=CP(PHI(4)) ’
137 FX=FK{PHI(3)) R .
. 138 DOTMG=DX$TCFLA®V ’
- . 139 HX=H(COL s CXyRE{DX,V4DE4UX) s PR{CPMX4UX,CX)DE)
. ~ 140 TMOUT=2 (0*PHI (4 )~TMI ’
. c
' C W =mmm———— COMPUTE THE' REAdTlVITY INSERTED AS A FUNCTION OF TIME
c +AND REACTIVITY . ) ,
c ' .
141 GO TO (11412413414, NRO ’ o
142 11 RIN=RO . . .
- (4 -
, iy
* . Toe
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1
. = 50 -
x . 143 GO TO 1S . A 300
. 144 12 RIN=RO*{ 1 +A*DM) . A 301
145 G0 TO 15 A 302
“\\. 146 13 RIN=RO®COS{A*DM) . A 303
147 60 T0 15 . A 304
N 148 14 RIN=RO®SIN(A*DM} -~ A 305
. 149 15 CONT INUE : . A 306
150 (DMH-RTIMZ)} 19,1916 A 307
151 16 IF (NRO.GT.2) GO TO 19 - A 308
152 IF (NRO-1} 18,17,18, : A 309
- e C 153 17 RIN=0.0 * A 310
154 GO TO 19 /. A 311
155 18. RTMH=RTIME/3600. / - A 312
156 RIN=RO®( L +A*R TMH) { R A 313
157 GO TO 19 A . A 314
% 158 19 RY(N)=RR/BETA ‘ \ A 315 2
c . ‘A 316
. L C ———---=-FORM B-MATRIX . A 317
c . ‘ . . . A 318
159 BE{(1)=0.0 ‘ . A 319
160 BE(2)=0.0 : A 320
e £ 161 BE(3)=0.0 , . A 321
162 BE(4)2+2.U%DOTMG*TMI/ (DX*VM) ‘ ' A 322°
c . . | . A 323
, L FORM A-MATRIX . : | A 324
' . c . , ] . A 325
y 163 CALL AMTRX:(AMX) '/ . A 326
ot C . . | . ' A 327
c T————— ~CHANGE A-DETERMINANT TO p?gxyonlnL FORM A 328
- c - . A 329
164 CALL EIGEN4 (AMX,AX) . ‘ . A 330
165 M=5 - . A 331
166 M1=M ) - A 332
167 . IF (AX(1}) 22,20,22 N A 333
. 168 20 DO 21 JK=l,4 ’ ‘ ( . s A 334
169 21 AX({JKI=AX{JIK+1) | A 335
<170 MTRX=3 | ) A 336
" 171 . M1=4 " g A 337
c . A 338
c —e—e====COMPUTE THE EIGENVALUE OF THEj A-MATRIX . A 339
c . ) A 340
. 172 22 CALL POLRT (AXsCOF,MTRX»EIGNV,RO0TI,1ERML) T . A 341
/ 173 MTRX=4 - . A 342
) 174 ML=M1-1 ° A 343
’/ c . - A 344
: C W —eemeee- FIND THE LARGEST EIGENVALUE . A'345 |
e . c . ] . . © A 346
. *175 WO=EIGNV(1) ) ) ‘ e A 347
176 DO 23 IE=l,ML . A 348
177 . WE=EIGNV(IE) A 349
178 23 WO=AMAX L [WE,WO) A 350
) .C ‘ ) A 351
S c ====-===~CALCULATE THE TIME INCREMENT , SUCH THAT THE TIME INCRE A 352
c MENT RECIPROCAL TO THE LARGEST EIGEN-VALUE . A 353
. c MAKE SURE THAT THE RANGE 1S BETWEEN 0.005 TO 0.05 SECOND , IF A 334
c SMALLER THAN 0.005 SECOND CHANGE THE VALUE TO 0.005 AND IF LAR- A 355
c GER THAN 0.05 SET IT TO 0.05 SECOND . A 356
. c ) A.357
3 179 DH=ABS(1.0/W0 /10 .0, ® A 358
: 180 DOH=DH - A 359 - ¢
4 a§ - . o -
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. 181 IF (DDH.LT.DHLl) DH=DH1 A 360
182 IF (DDH.GI.DH2) DH=DH2 A 361
. c ) ¢ A 362
. Lt mmmmm——- FORM R-MATRIX . A 363
. ¢ . A 36%
ot 483 CALL RMTRX (RX) ) A 365
c . < A 366
c e—=ce——=FORM H-MATRIX . ‘ ; A 367 o
. c . A 368 ’
184 CALL HATRX (AH) . . i A 369
c “ . A . A 370
c me—e===MULTIPLY R=-MATRIX WITH COLUMN MATRIX-B AND MULTIPL A 371
[ H-MATRIX WITH COLUMN VECTOR PHI . . A 372
‘ t ., s ’ ) . 4 3713
185 CALL GXN (RX,BE ¢MTRX¢RB) ‘ A 374
186 CALL “GXN (HHy PHI MTRX(HP) , ° ’ A 375
‘ c b . ’ ' — A 376
c w=m===--FORM NEW PHI-MATRIX BY ADDING THE.TwO COLUAN MATRIX & A 377
¢ . A 378
\ 187 DO 24 1P=14MIRX A 379
188 24 PHI(IP)=RB(IP)+HPLIP) N\ . A 380
189 WRITE (NWoS55) NeDMHoRY(N) yPPN QW TFGsTMG,THOUT, AAF A 381
190 IF (DMH-TE) 25427427’ , . 4 A 382
c ’ A 383
¢ wem————- IF MODERATOR TEMPERATURE EXCEEDING 700 DEGREE F ,PRINT A A 384
¢ WARNING AND GET CUT . ' A 385
« C. A 386
191 25 IF (PHI(4).GE.1000.0) GO TO 26 A 387
N 192 RR=AM® (PH1(4)=TMO)+AAF® (PHI(3)-TFO) +RIN A 388
193 R=RR A 389
» 194 ' DM=DM+DH A 390
195 DMH=DM*3600.0 A 391
196 IF (DMH.GE.TE) GO TO 27 2 i A 392
197 N=N¢1 4 393
198 MX (N}=DMH A 394
199 6o T0 77 (r 395
200 26 A WRITE “[NWe56) A 396
201 21 - NN=N A 397
s . 202 . 1F (NOPLT.EQ.0) GO TO 28 A 398
. C ' . . A 399
¢ mmmm———— PLOT THE RESULT SIMULTANEQUSLY IN ONE GRAPH . A 400
203 SALL TPLOT {MX9MPE)MPEL ¢ MQU yMTEEMoMTEEF yRY4NN) A 401
204 28 - 7STOP . . A 402
. c ' A 403
205 29 FORMAT (12) A 404
. . 206 30 FORMAT [2F104542F10.74110,2F10.5) . A 405
- 4207 31 FORMAT (3F10.6) . ) A 406
208 32 FORMAT [3F10.592F10.2,2110) A 407
209. 33  FORMAT (2F10.2) « 7 A 408
210 34 ' FORMAT (3F10.4) 3 A 409
. 211 35 FORMAT (3F10.2) A 410
. 212 36 FORMAT (IH\; s A 41l
213 37 FORMAT (1XJ23Hasssssssesssssnsnsnasss,/,1X, 19HMODULE 2 » FEEDBACK, A 412
, 1/,1x,z3u¢¢¢¢a..:s.:n.g:::t.:::../////.1x.105:ppur DATAs /¢ 1Xe 14H®®E A 413 -
. * zttttt‘tt‘#t,///) . A 414
. .214 38 FORMAT (5X o4HBETAs5Xo 6HLAMBDA 5X9 LTHNEUTRON GEN. TIME,5X,18HINITIA A 415
LL REACTIVITYe/s12XoLIH( SEC#®=1 ),6Xy TH( SEC 141BXs5HU $ ),/43X,F8 A 416
. : 2¢693% 1 FTe5¢TXeEFe3e1TXeF5.24/) A 417
. .25 39 FORMAT (5Xo14HINSERTEION TIME5Xe15HCONSTANT PERIOD+/+9XsSH{SEC) 414 A_4L18

-
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.




216 40

217 51
218 42
219 43
220~ 44
221 45
222 46
223 47
224 48
225 49
226 50
221 51
228 s2
229 53
230 54
231 55
232 56,
233
234 »
c
. C
c
‘¢
c
c
235
236
" 237
238
239
240
261 1
242
243 2
244 3

LLTEMPT ¢ 95Xy LOHREACTIVITY5X, I'LH

~ 52 - .
FORMAT (5X,14HCOOLANT CUEFF 495Xy LOHCONSTANT Bs5Xy 20HRESONANCE ESC.
1 PROBes/96X,12H1 . ) 2 TX48H( ).7x.18H( 3
20/ 16X1E12.5,TX1EB.2+13X4F5.34/)
FORMAT (5X,11HFUEL RADIUS,5XSHPITCH,5X, BHFUEL CP.vSX.lZHfUEL DENS

1JTY45Xy L1IHFUEL HEIGHT$5X418H | 15X+ 12H
2/70TXe6H( FT )¢BXe6H{ FT )92Xy12H( BTU/LB*F )¢3X,12H{ LB/FT#**3 )'7X
3+6HU FT },9Xy16H ¢ TXy10H - 2/ 2 TXgFT5:TXs FTo

4594X9F6 498Xy F6.2910X9F6624/)
FORMAT (5X,18HNUMBER OF ASS EMBLY,5X,26HNUMBER OF ROD PER ASSEMBLY)
179+ 5Xe 18HI ) 95X 26H( bao/ 012X,

423Xy 144/} .
Z?ORHAT {5X s 16 HCOOLANT VELOC[TYQSXQZOH[NLET COOL ANT TEMPT../.GX.lOH
FT/SEC ) o15XeSHU F ) o/ l1XoF4elglB8XyFSel /)

FORMAT (9X,6HOPT.ION, 4Xy4HPLOT 39Xy 11479 19Xy LLHTYPE INSER«+2Xs 119/}

FORMAT (SXyI3HINITIAL POWER ¢9Xe4H(MW) o L1X9eELL1e%9/ 95X I9HGUESSED FUE
1L TEMPT 94X 93HIF) 95Xy Fbel s/ 15X 22HGUESSED COOLANT TEMPT . 1Xs3HUF),
26XeFSel///92Xe LTHEND OF INPUTYDATA./!ZX.[B(!H*)Q///,

FORMAT (//¢5X412H END TIME ,3X, 14HTIHE INCREMENT ¢/ +8XoF6.3910X,F
16e49/7) -

FORMAT (5Xy22H CONVERGENCE FACTOR = 4F9, 5'//)

FORMAT (//¢5Xe118H*%% CHECK DIMENSION IEIX(TE/DH) HAS TO BE SMA
1LLER CR EQUAL TO THE DIMENSION OF MPEL . MPEt yMTEEF,MTEEM,MY,RY AND 4
2QU «0///)

FORMAT (///'5Xl27HEQUlLIBRIUH STATE INITIALLY /44X ,28(1H*),//7)
FORMAT (SXQSHPDuER'SX'9HPRECU%SOR'Sx'llHFUEL TEMPT. 95X 14HCOOLANT
AN o/ 93X%X,E10. 4492X9EL10.496X,F

27629 11X4F6.2¢11XeF6e34////7)

FORMAT (8501H*)¢////+5%X+10HREYNOLDS #,3X,9HPRANDTL d.3X.9HCDL8UQN
1#:3X9 9HMASS FLOWy3X,19HHEAT TRANFER COEFF.s /942X, 9H{ LB/HR }44X+18
2H(™ BTU/HR-F-FT**Z Jo/96X4FBe 1'6¥'F4 ele5XeFTe315XeELL1e498XsFTely///
3)

FORMAT (SX.ZHND.10x.4HIIMEobelOHREACTlVITY.7X.SHPOHER.11X.9HPRECU
1RSOR, 794X s4HE  } ¢BXeSHUSEC) 99X e3H(S) o 11X 4HIMW) 14X 4H{MK) )

FORMAT (7X,9HFUEL TEMP,5X,9HMOD. TEMP,3X,9HEXIT TEMP,8X,11HFUEL CO
1EFFee /s 10X 3H(F I 9 l1Xy3H(F) ¢ 9Xs3H(F) 4 14XsSH(L/F) 4//)

FORMAT (//+8Xy19Heee NO FEEDBACK oceer//)

FORMAT (3x'1498x'F7.3'7x'F502']x'51104'7X9E11.4'/'BX'F702'7X'F7oZl
15X 4FT7e2¢9%XeELLle4)

FORMAT (//,5X439H C R I T I CAL TEMPERATUREW//)

END Yra

.

+ -

SUBROUT INE RMTRX (R)

==ew—===FORM R-MATRIX , DIAGONAL 'MATRIX IN EQUATION 2.4.20
SUPPORTING ROUTINE NONE

AN

OIMENSION R(%4+4)4Al4,4) . :
COMMUN  BETA¢XLyXsFX, RF OH s FDENS o CPF ¢ VF oFH oV My DX DOTMG WO o HX o RR 4 C
1PMX4sPI,NROD

CALL AMTRX {A)

D0 3 I=ly4

00 3 1I=1+4 -

1F (1-11) 1'2,1

R{L,11}= . . .

G0 TO 3 '

R(I.Il)=(EXP(A(IoII)*DH) 1.00/A01+11) Ve .

CONT INUE ~ '
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245 RETURN ’ s B 19 .~
. 246 END - - _ B 20
247 SUBRUUTINE HMTRX (H) | . . c 1
c : c 2
- c . 2. ———FORM H-MATRIX AS IN THE EQUATION 244.19 . c 3
o c. SUPPORTING ROUTINE NONE o ° cC 4
~ Tt ¢ “ : — . w € 5
vC ) c .6
. 248 . OIMENSION Hl44)1AL4,4) - - €1
249 COMMON  BETAsXLsXyFXoRF ¢DHoFDENSCPF s VF oFH,VM,0X 4 DOTHGHO 1 HXsRR4 G C 8
1PMX, P14 NROD . v C 9
250 CALL AMTRX (A) . c 10
251 H{1lel)=EXP{A{1,1)%DH) ¢ c 1
s 252 . H{1,2)=AC1+2) ®(EXP{NO*DH)-EXP ({A(1,1)2DH) )/ {WO=-A(1,s 1)) c 12
253 H{1,3)=0.0 » c 13
254 H{1s4)=0.0 ’ BN C 14
c 255  HU241)=A(2,1)*(EXP(WOXDH) ~EXP(AL2,2)¥DH) )/ {W0-A12, 2)) c 15
- 256 HU242)=EXP{A( 2y 2)*DH) o c 16
2517 H12,3)=0.0 g c 17
258 HE244)=0.0 . “oc 18
~ 259 HE3010=A (30 1) *{ EXPIWO*DH)=EXP (A(3,3)4DH) )/ (NO-A(3,30) c 19
260 H{3,2)=0.0 . . ¢ 20 |
261 H{3,3)=EXP (AL 3,3)%0H) - s € 21
262 - H(3,4)=A(3+4) * EXP{WO*DH)-EXP (A(3,3)*DH) )/ (WO-A(3,3)) ¢ 22
263 H{%s112A(% 1) ¥ (EXP(WO®DH) ~EXP (A{4,4)*Dt) )/ {WO=-AL48)) f? 23
264 H{4,2)=040 24
265 - Fl4¢3)=0.0 . c 25
266 Hl4,4)SEXP(A{44)%DH} | . cC 26
¢ 267 RETURN ~ - Y c 27
268 END - ‘ . C 28
269 SUBROUTINE POLRT (XCOF,COF,MysROOTR,ROOTI,IER,M1) . s b 1
~C . D 2
c : ) 0D 3
c SUBROUTINE POLRT . D 4
c - ° D 5
c PURPOSE , x D 6
c COMPYTES THE REAL AND COMPLEX RUOTS Of A REAL POLYNUMIAL D 7
. C . D 8
' c USAGE - D 9
C, CALL POLRT(XCGF +COF s M,RO0TR,REETIIER ML) > D 10
: c ' & , . 0 11
c DESCRIPTIGON OF PARAMETERS ) ” ! D 12
. C XCOF ~VECTOR OF M+l COEFFICIENTS OF THE POLYNOMIAL _+-D 13
. c ORDERED FROM SMALLEST TO LARGEST POWER ©, D 14
c COF ~-WORKING VECTOR OF LENGTH M+l 4 D 15
: c "M ~ORDER.OF POLYNOMIAL ‘ ! D 1&
° - . C RGCTR-RESULTANT VECTOR 'OF LENGTH M CONTAINING REAL ROQTS D 17
- c OF THE POLYNOMIAL = - . . D 18
y o c "RODT1-RESULTANT VECTOR OF LENGTH M CONTAINING THE D .19
voC CGRRESPONDING "I MAGINARY-"ROOTS OF THE POLYNUMIAL o 20
.- Cc . IER ~ERRCR CODE_WHERE .. ' D 21
3 c 1ER=0 WD ERROR : . D 22
& c IER=1 M LESS THAN ONE . . ¢ .D 23
< 0
c 0
c 0

[ER=2 M GREATER THAN 36
[ER=3 UNABLE TO DETERMINE ROOT WITH 500 INFERATIONS

GN 5 STARTING VALUES ' ,
- ; L 4
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DOUBLE PRECISION XCCF+COF,RO0TR,ROOTI

nwaoo SO WNOOC

- 54 - -

LER=4 HlGH’ORDER CUéFFlClENT IS ZERO
M1 ~NUMBER GF CDEFFICIENT 4 M+l
(ADDED ARGUHENT FROM THE ORIGINAL TU GET MORE FLEXIBLE

S . . -DIMENSIDN )

REMARKS : ' .

!/

’ LIMITED TO 36TH_DKDER POLYNOMIAL DR YESS,

FLDATING POINI OVERFLOW MAY OCCUR FOR HIGH DRDER o<
POLYNDMIALS 86T WILL NOT AFFECT THE ACCURACY OF THE RESULTS.
. . B 3

%

"SUBRDUTINES AND EUNCTION SUBPROGRAMS REQUIBED
. NONE

‘ -

k

METHOD N
NEWTUN~RAPHSON" ITERATIVE TECHNIQUE. ¥THE FINAL
ON EACH ROOT ARE PERFORMED USING THE DRIGINAL PD
RATHER THAN THE REDUCED POLYNDMIAL TD AVOID ACCUM
ERRORS IN THE REDUCED POL?NDHIAC. )

DngNSION XCOF(PI)'COF(MI) RDDTR}M)-ROOTI(M) .
DUUBLE PRECISION XOqYG,X'Y,XPR.YPR,UX,UY:V:YT,XT,U:XTZ.YTZ.SUHSO;
1 DX, DY, TEMP+ALPHA, DABS -

b
\

-------- I+ A DOUBLE PRtClSIDN VERSIDN UF THIS RDUTINE 1S DESIRED,
C IN CULUMN 1 SHDOULD BE REMDVED FRUM THE DDUBLE PRECISIUN
STATEMENT WHICH FOLLOWS.

2

-

-------- THE C MUST ALSO 8E REMOVED FROM DDUBLE PRECISION STATEMENT

APPEARING IN OTHER RODUTINES USED IN CONJUNCTION WITH THIS
ROUTINE. 8.
THE DOUBLE PRECISION VERSION MAY BE MODIFIED BY CHANGING THE
CUNSTANT IN STATEMENT 76 TO 1.00-12 AND IN STATEMENT 122 TD
1.00-10. THLS WILL PROVIDE HIGHER PRECISION RESULTS AT THE
-COST OF EXECUTlDN TIME .

-
-

IFIT=0 .o & =
N=M o ‘ R T
IER=O - . \
IF (XCOFIN+1)) ly4sl . . - '
IF (N) 24246 . ‘a -
........ SET ERROR CODE' TO 1 s | ’
1ER=1 '
RETURN
———e—=--SET ERROR CODE 'TD 4 s T
IER=4 ' -
GO TO 3 . . <"

. . ’
------- SET ERROR CODE TD 2 . R
IER=2 = '

GO T0 3 ' 4

.

0000000000000 DDDDO00D0DODDODODDD0DD0ODDDOLO0

oouvoocopodooo

1

[SY-N-N-N-N-N-R=N-




. . &
e . %ﬂ“\
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284 O IF N=36) T4T45 ¢ .D 87 .
285 7 NX=N . D 88
286 NXX=N+1 ) D 89
2817 N2=1 . 0D 90
288 KJ1=N+l D 91
289 00 8 L=1,KJ1 . D 92
290 MT=KJ1~-L+1 ' 0D 93
291 8 COF{MT)=XCOF{L) D 94
C . . . D 95
\ c ————— SET INITEAL VALUES - ; \ D 96
. . c. . 0D 97
292 9 . X0=,00500101 ’ . - D 98
> 293 Y0=0. 01000101 .o * - ‘ 0 99
’ c ¢ . <
C  —weee——- ZERO INITTAL VALUE COUNTER
C .
294 ‘IN=0 7 S (
295 10 X=X0 s ' ) -
c
’ c aeeeuem= [NCREMENT INITIAL VALUES AND COUNTER
. c :
- 296 - X0==10.0*Y0 : )
297 . YO==10:0%X . : ‘ .
c o
c ‘momemea=SET X AND Y TO CURRENT VALUE
N ’ C
‘ 298 <. X=X0 .
X 299 Y=YQ ___ -
\ 300 IN=IN¢1 .
| 301 ‘G0 10 12
| 302 11 IFIT=1 . i .
\ 303 XPR=X .
( 304 YPR=Y
! J cC )
I c ——emeema EVALUATE -PULYNOMIAL AND DERIVATIVES )
. c
| 305 12 ICT20 .
1. 306 13 X206 0
\* 307 - - UY=0.0 .
308 v=0.0
309 ¥Y720.0 °~ V' .
310- XT=1.0
311 U=COF (N+1)
312 IF (U) 14427414 o
. 313 14 D0 15 {=1.N
. . 314 L=N=1+] - .
- - 315 TEMP=COF(L) . '
316 XT2=X*XT-Y*YT i
su— 317 YT2=X#YT+YEXT . p
318  UsUSTEMPEXT2 , T
319 V=V+TEMPAYT2 .
320 . FlI=1 . .
. 321 UX=UX+FTeXT T EMP
. 322 UY=UY~F L *#YTETENP
. 323, XT=XT2 . . .
R 324 15 YT3YT2 . ’
: 325 SUMSQ=UX*UX$UY*UY . . .
326 IF (SUMSQ) DB.23,106
. 327 16 DX=2(V*UY-USUX)/SUNHSG . .
. 328 X=X+DX . . 1 '
T g
- o
- 13 s *




hd I x
. -
.
I + ° n
© - 56 - £,
& hY
329" _ DY=-(USUY+V*UX)/SUMSQ . . . 0 141
, 330 Y=Y¢DY . D 148
331 IF (DABS (DY )+DABS(DX)=1.00-5) 21,17, 7 . 4 D 149
c D 150
- P ~-<STEP [TERATION COUNJER i D 151
c D 152
332 17 ICT=1ET+1 D 153
333 IF (ICT-500) 13,18,18 . .D 154
334 18  IF (IFIT) 21,19421 . . D 155
335 19 IF (IN-5) 10,20,20 ’ D 156
i C ‘ o 157 +
—— G mmmmme—- SET ERROR CODE TO 3 . . D 158
c te D 159
336 20 1ER=3 ¥ D 160
337 GO TO 3 \ D 161
338 21 DO 22 L=1.NXX . D 162
339 MT=KJ1l-L¢l D 163
340 TEMP=XCOF(MT) N * . -D 164
341 XCOF (MT )=COF (L) D 165
342 22 COF(L)=TEMP ) D 166
343 ITEMP=N éggh D 167 .
344 N=NX NS D 168
345 NX=1TEMP D 169
346 IF (IFIT) 25,11,25 D 170
347 23 IF (IFIT) 24,10,24 . D171
348, 24  X=XPR : \\ ‘ 0 172
349 Y=YPR n - D173 ° .
350 25 N_IFIT=0 . . D 174
351 IF {DABS(Y)=1.0D=-4%DABS{X)) 28,2626 D175
352 26 ALPHA=X #X D 176
53 SUMS Qe X% XeY®Y » D 177 .
. T 354 N=N-2 . D 178
355 » 6O TO 29 D 179
356 27 X=0.0 ~ . ) . D 180
357 NX=NX=-1 . o~ D 181
358 NXX=NXX=-1 - D 182
359 28 ¥=0.0 D 183
360 SUMSQ=0.0 - D 184
. 361 ALPHA=X D 185
362 N=N-1 D 186
363 29 COF{2)=COF(2) +ALPHA*CUF ( 1) D 187
364 IF (N.EQ.0) GO TO 31 < D 188 -
365 D0 30 L=2sN ‘ D 189
366 30 COF(L+L)=COF(L+1)+ALPHA®COF {L)=-SUMSQ*CDF(L-1} D 190
367 31 ROOTI(N2)=Y L. D 191
368 ROOTR(N2)=X v 0 192 .
369 N2=N2+¢1 - 0D 193 ... °
. =370 . " IF (5UMSQ) 32,33,32 - D 194
- 371 32 Y=2-¥ i . D 195
- 372 SUMSQ=0.0 * D -196
3713 - GO ¥Q 31 0 197
. 374 33 IF IN) 34349 . D 198
: 375 END . D 199
: § a!
376 SUBROUT INE TPLOT (M1,MOyM2,M5,M64MBy M9, JX) ! E 17,
c o “ E 2
c 5 T . E 3 ”
C  mmm———— TPLOT IS PLOTTING SEVERAL VARIABLES IN ONE GRAPH . THE X-A E 4
c DUES NOT REPRESENT ANY VARIABLE » IT IS INTEGER SEQUENCES . E 5
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FOR NEGATIVE® VALUES o THE ZERO LINE IS IN THE 0.5 LINE .

SUPPORTING ROUTINE NONE .

IMPLICIT REAL*4(A-HyM-1)
OIMENSION HB(JX)'Hq(JX)'HO(JX)'Hl(JX)'MZ(Jx’vHS(JX)'Hb‘JX)
DIMENSION LINEL6L) 4 INUMI9) )

INTEGER pL'Hl'SSQBLQSL'59'SO'56'SI'SZ
READ (5,8} PL'"l|$5|8L(SL059050'51051056
MXY=0.0 ’

MINO=0, 0"

MIN5=0,0

MIN6=0,0

MIN2=0,.0

MIN8=G.0

MIN9=0,0

PHIS5=0.0

PH16=0.,0

PH10=0.0

PH12=0.0

. PHIB8=0.0
PHI9=0.0
00,1 I=14JX
IF (MINO.GT.MO(I)) MINO=MOI(])

IF (MINS.GT.M5(1)) MIN5=M5(1)

A FullToxt Provided by ERIC

T,

LIF (MING «GTM6(1))
IF (MIN2.GT.M2(1))
IF (MIN8.GT.MB(1))

MIN6=M6(1)
MIN2=M2(1)
MIN8=MB(1)

IF (MIN9.GT.M9(I)) MIN9=MI(I)

IF {ABS(MO(I)).GT.PHIO)
IF.(ABS({M2{1)).GT.PHI2)
IF (ABS(MB(I)).GT.PHIB)
IF (ABS(M9(I)).GT.PHI9)
IF (ABS{MS5(I)1.6T.PHIS5)
IF (ABS{M6(1)).GT.PHIG)
CONTINUE

JJ=JX

JJ0=JJ*6+l

JJdl=ddel

WRITE (649)

. WRITE (6110)

-

PHI0=PHI0+ABS(MINO)
PHIS=PHIS+ABS (MIN5)
PH16=PHI6+ABS(MING)
PHI2=PHI2+ABS(MIN2) *
PHIB=PHIB+ABS (MINS)
PHI9=PHIG+ABSI(MINS)
00 2 I=1+JJ

PHIO=ABS(MO(I1))
PHL2=ABSINM2(1))
PHI8=ABS(MBI( 1))
PHI9=AHSA{MI(I))
PHIS5=ABS(MS5(1))
PHI16=ABS(M6( 1))

IF (MINO.LT.J.0) M2{1)=MO{1)+ABS{MINO)

IF {MINS.LT.0.0)
IF (MIN6.LT.0.0)
IF (MIN2.LY.0.0)
IF (MINB.LT.0.0}
1F (MIN9.LT.0.0)
MO(1)=MO(1] /PHIO
M5 (1)=M5(1)/PHIS
M6(1)=M6(1)/PHL6
M2(1)=M2(1)/PHI2
M8 (1)=M8(I)/PHIB
M(I)=MILT1)/PHLY

MS(1)=M5(]}+ABSIMINS)
M6(1)=M&(1)+ABSIMING)
M2(1)=M2(1)+ABSIMIN2Z)
MB(1)=MB(1)+ABSI(MING)

M9(l)ynwsmm9) v
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00 3 =149 . E 66
3 INUM(1) =1, . € 67
WRITE (6411) (INUM(E),I=1,9) . E. 68
00 7 I=1,4J1 , { . - E 69
IF (1.EQ.1)} GO YO 5 | E 70 - .
. MXYEML(I=1) ' E 71 |
IP8=MBL1-1)%60+1.0 E T2
IP5=M5(1-1)#%60+1.0 E 73
IP9=M9T 1-1)%60+1.0 * E 74
. ‘IP6=M6(1-1)%60+1,0 - E 75 -
IPO=MO( I~-11%60+1.0 ; E T6
IP2=M2(1-1)#%60+1.0 ' ~ . E 17
00 4 I1=145645 N . " " E 18 .
LINECIL)=BL - > E 79 .
DO 4 12=1,4 . - E 80
13=11+12 © . E 81 |
IF ([1.EQ.IPO) LINE(I1)=S0 E 82
IF (13.EQ.IPO) LINE(E3)=50 E 83 .
IF (I1.6Q.IP2) LINE(I1)=52 E 84
IF (I3.€Q.1P2) LINE(13)=52 E 85
lF (11.EQ.IP5) LINE(I1)=S5 E X6
IFf (13.EQ.IP5) LINE(I3)=S5 : E 87
455 IF (IT.EQ.IP6) LINE(LI1)=56 E 88
456 . IF (13.EQ.1P6) LINE(I3)=56 -~ E 89
457 IF (I1.EQ.IP8) LINE(IL)=SL € 90
458 IF (13.EQ.IP8) LINE(I3)=SL E 91
459 IF (11.EQ.IP9) LINE(IL1)=59 £ 92
v 460 ' OIF {13.EQ.1P9) LINE(I3)=S9  ~ R E 93
461 4 _ CONTYINUE . E 94
.. 462 LINE(61)=PL . Y € 95
463 [L=1-1 . v E 96
464 IF (1.EQ.IPO) LXNE(I) SC = £ 97
465 IF (1.EQ.1P2) LINE(1)=52 E 98
466 IF (1.EQ.IP5) LINEFL)=S5 & 99 -
46T IF (1.EQ.I86) LINEL1)=S6 < E 100 -
468 IF (1.EQ.IP8) LINE(1)=St N E 101
: 469 IF ‘(1.EQ.1P9J LINE(1)=59 . E 102
470 . IF (IPO.EQ.6}) LINE(61)=5SC - £ 103
471 IF ({P5.EQ.61) LINE(61)=S5 E 104 ,
472 IF (IP2.EQ.61) LINE(61)=S2 , E 105
%13 . IF (IP6.EQ.61) LINE(LL)=S6 ° £ 106
474 IF (1PB.EQ.61) LINE(61)=SL E 107
475 . IF (IP9.EQ.61) LINE(61)=59 E 108
476 IF (IPOZNE<leORWIP2eN L] oOR(IP5.NE ol oOR «1P6NEe1.OR.IPB-NE.1.0R.IP £ 109
19.NE.1} LINE(1)=PL £ 110 N
4%7 . JWRITE (6#12) MXY, (LINE(KK) yKK=1461) ° E 111 o
R 418 IF (1.EQ.4J1) GO YO 7 E_112
LA 479" 5  CONTINUE . . E 113 &
I . 480 00 6 121,56+ - "E 114
© 481 00 6 12=1,4 . . E 115
E * 482 13=11+12 A ' . E ll6
463 LINECI3)=BL ' E 117 N N
484 6 CONY I NVE . . E 118
485 1 cuNTTsBE e N . _E 119
. 486 . WRITE (6413) C(INUMEI)}eI=1,49) - ‘ \ E 120
487 . MRITE (6415) PLyMI+S5iBLoSLsS9450451952456 €-121
. : 488 WRITE (6416) E 122 .
S 489 NRITE (6+14) E 123
490 ~ s1OP € 124
. c , .E 125
‘ >
»
’ »
.4 "
. \ -~ \ : .
~ / AY
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491 & FORMAT (11an
. 492 9 FORMAT (1H1)
493 10 FORMAT (35X,16HRELATIVE DENSITY) - —
’ 494, 11 FORMAT (17X+9(2X12HO0asIlelH /s 14X 10( 6H-===~ ) 1H#)
. 495’ 12 FORMAT (1X,4HTIMEyIXsF7+3,1X061A1) .
. 495,013 FORMAT (14X 1100 6H#=====)41H4s/,16X:9(3Xs2H04,11))
c 49 14 FORMAT (1H1) - e .
498 15 FORMAT (15X,1THINPUT CHARACTER +11Al4/)
499 16 FORMAT (26H : v/ 015X, 10H P -.PONER,/¢15X,18
1H L = LOG. OF.POWER,/,15X,22H Q - PRECURSOR DENSITY¥y/415X¢21H F -
E 2FUEL TEMPERATURE/¢15X,26H M - MODERATOR TEMPERATUREs/9¢15X¢15H R =
. 3 REACTIVITY s/ 115X 942HIF VARIABLE PLOTTED HAS NEGATIVE VALUE THE./y .
L 415X,41HAXIS FOR THIS VARIABLE IS’ SHIFTED TO THE +/,15Xs16HCENTER O
5F Y=AX1S4///) ] ,
500 ° END
4 al~ . ) B
- ‘501 SUBROUT INE GXN (GoXNyNyGX)
- J c . ~ )
’ . ° C
AN C , . —=-—me—mm——en- MULTIPLY THE G - MATRIX WITH THE INITIAL VECTOR CO
= c ‘ LUMN TO GET THE NEXT ITERATION . .
c .
c SUPPORTING RCUTINE, NONE
2 g 2’ v
502 ' . DIMENSION G(NsN) oXN(ND4GX (N} -
503 00 2 I=1,N '
504 GG=0.0, .
505 DO 1 J=1,N ° .
506 1 GG=GGHG{Tsd MEXN(J)
- 507 2 GX(1)=GG . )
508 RETURN . .
509 + END N . .
. v o N '
510 . SUBROUTINE AMTRX (A) :
2 C oo
c ~—meeam=F(ORM A-MATRIX IN EQUATION 2.4.12 &
N 4 SUPPORTING RQUTINE NONE
. & .
- .C'.
511+ ¢ DIMENSION Al4:4)
. 512 + * COMMON  BETAXL Xy FXyRF s DHyFDENSCPFyVF, FH.VM.DX.DOTMG.HO.HX.RR o
. 1PMX,P1,NROD
. 513 o A(1,1)={RR-BETA)/XL
514 ) Ally2)=X :
: 515 : Al{1,3)=0.0 *
516 Ally4)=0.0 : . . «
t s 517 "~ AA(2+1)=BETA/XL ’ -0 N
TN . 518 A(2,2)==X . - .
T 519 A{2,3)=0.0 .
. 520 * A{2+4)=0.0
-t -521 A(341)=1,0/(2,0%CPF) N
522 Al3,2)20.0 =
523 A(3o3)=-6'G*PI*FX*FH*NRODICPF . .
524 A(3,4)==A(3,3) ° .
525 Alayi)= 1.0/(0&*Cp~x*vn) -
526 Al4s2)=040 . -

x . . A -

,{{@!u
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527 A(4,3)=0.0 : SREL ¢ 25
528 Al4y4)==2L0%D0TMG/ (DX*¥VH) | ° . : 6 26
529 RETURN . 6 21
530 END . ) 6 28
. . . . : .
531 SUBROUTINE EIGEN4 (A,B) o Hool
c . Ho2
[ T . H 3
L EIGEN4 1S SUBSTITUTING DETERMINANT A TO POLYNOMIAL FORM .  H 4
C » SUPPORTING ROUTINE NONE . H 5
C : H 6
c . . H T
532 OIMENSION A(444)+B1(5) ‘ . "H 8
533 DOUBLE PRECISION.B H o9
534 BULI=AIL, 1)#A (202 )*A13,3) %A 14,4 )=A11,2)%A12,11*¥A[3,3)%A(4,4) H 10
535 B(Z)--(A(1'1)*A52r2)*A(3.3)+A(1.1)*A(2.2)*A(4.4)+A(1.1)*A(3'3)*A(h. Ho1l
L 4)+AIZ02)¥A13,B)%A1414)-AT112)3A12,11%A13,3)-A11:2)%A(2, 1) #AL4,4) W 12
2) H 13
536 B(3)= A(3.3)*A(4.4)+A(1'1)*A(2.2)+A(1.1)*A(3.3r+A(1'1)*A(4‘4)+A(2.2 Ho 14
L)*A(3,3)#A12,21%A14,4)-A11,2)%A(241) ~ H 15
537 . BI4)==TA(Ly1)#A(2,2)+A(3,3)+A(444)) H 16
538 B(5)=1.0 - H o7
539 RETURN ) H 18
540 END ‘ . . H 19
t
//DATA ‘ ] y
° N
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SEEKEXRE KR L EEER KX RERK K&K ’ ] \ ° . ’ ..
MODULE 2 , FEEDBACK
*}#t#tt#t#tt#ttttttttt# N - . %'
INPUT DATA
 FEEREERERERERE ° .
BETA LAMBDA NEUTRON GEN. TIME INITIAL REACTIVITY
. { SEC**-1 )* -~ ( SEC ) {$) .
0.006450 0.07695 =~ 0.1006-03 . 0.30 . R .
INSERTION TIME CONSTANT PERIOD -
{SEC) {1/SEC)
1.000 1.500
CODLANT COEFF. CONSTANT & RESONANCE €ESC. PROB. ,
{ ) { ) oz { ) .
~0.50000€~04 7 REREERRE —. 0.800 *
FUEL RADIUS PITCH 'FUEL CP. FUEL DENSITY FUEL HEIGHT
{ FT ) € FT ) ( BTU/LB=F ) ( LB/FT*#%3 ) { FT ) )
0.01504 0.04733 0.0590 43.20 . 12.00 .
NUMBER OF ASSEMBLY - NUMBER CF RGD PER ASSEMBLY
{ ) { . ) ‘ )
(145 o . 208 : —
COOLANT VELUCITY, INLET COOLANT TEMPT. :
{ FT/SEC ) { F) o
13.0- © 400.0
) LY “
. OPTION _ PLOT 1 . .-
. TYPE INSER. 1 . ) ,
INITIAL POWER . {MW) 0.1000E 04
GUESSED FUEL TEMPT. (F) 500.0 " . .. .
GUE SSED COOLANT TEMPT. -(F) 200.0 .
3 vy o -
END OF INPUT DATA ) .
EREEEREEXEEEXEREXE . * /' Y
. . :
END TIME TIME INCREMENT .
8.000 0.0100 o .
) , :
¢ - -
" CONVERGENCE FACTOR =  0.01000 o : .
N i * ¢ l N ‘e
\. » s,
R -
.“ -~ '
* Ll . - . ~oee
. .
» e 'y
3 -, - \ &

5{%} oo rovieroy enc Ry T . cen
P et el by e . o
R R -
s

W
3 i 4
G .
2 o , :
ZERIC © . ’
£ K X - ’ )
o ., . ..
.t - ,
. K ey o, s
W 2 Xy ",




- . . -62 = ‘. . .
" . . ot s a4
C EQUILIBRIUM STATE INLTIALLY ~ -+ | ’ ' .
###C‘***t*##‘##ttf‘it.‘#_tt**t - - ‘ «
. .N . . ’ f
& s
.PONER _ PRECURSOR ~  FUEL TEMPT. . COOLANT TEMPT. REACTIVITY
0.T00CE ‘04 0.8382E 06 504.31 412.73 " 0.000 -
7‘“’ . “*‘"‘******#**t_‘**‘#‘*;“‘*_*?##*’###“#‘#***‘#*#‘*‘#*“*#‘**‘*#‘*x‘tttﬁttﬁt**ﬁﬁ“tt
.o t .
- - L4

~

REYNOLDS # PRANDTL # COLBURN %  MASS FLOW  HEAT TRANFER COEFF.
‘ ( LB/JHR ) ( BTU/HR=-F-FTH%2 ) -

509503.6 1.0 0.042 0.1172E 09 9044,7
NO TIME REACTIVITY _ ~ POWER PRECURSOR
- L ) . (SECY (s) L W) (MW) - .
FUEL TEHP MOD.  TEMP  EXIT TEMP . FUEL COEFF. .
(F) (F) (F) {L/€) ae
. D ' - i
. 1 0.0C0 . 0,00 0.1000E 04 0.8382E 06 . \
504.31 412,73 425,47 © 044968E-06
2 © 0.046 o+ 0430 0.9345E 03 - 0.8381E 06
' 496442 413.04" T 426.G8 0.5008E-06
3 : 0.096 0.30 « 0.1373E 04 0.8379E 0b
497.10 . ¥, 412.92 425.84 - 0.5004E-06 . ,
4 G.l46 ° 0.30 0.1420E 04 0.8391E 06 .
* 510.%4 413.39 426.™ * 0.493TE-06 '
.5 0.196 - ' 0429 0.1422E 04 0.8404E 06
ne ° 521465 413.88 -+ 427.76 0.4885E~06
& 6 04246 . 0429 0.1419E 04 0.8418€ 06
. 529.63 . 414432 428.64 © 0.4848E-06 . '
7. 0.29¢ - 0.29 = . 0.l416E 04 0.8431E 06 :
535.33. 414471 429,42 0.4822€-06 : o
) ‘ 8 t 04346 0.28, 0.14}3E 04 048444E 06
; -, 539,41 415,06 430,12 0.4804E-06 .
: 9 - 0.396 , ~ 0.28 C.1410E 04 - 0.8457TE 06
: 542.34 ° 415.37 430,74 0.4791E-06 t
i 10 ., 0e446 ‘0.28 0.1408E 04 . 0.8470E 06
- i 544.44 415.65 431.30 . 004T82E-06 ) . ’ 3
. a 11 0.496 ° 0.28 0.1406E 04 0.8483E 06 -
i 545.97 415.90 | 431.79 0.4TT5E-06 :
12 0.546 - 0.28 0.1404E 04 0.8496E 06
* 547409 416412 ' 432423 0.47T0E~06 ) 5 . ,
13 0.596 0.28 0.1403F 04 0.8508E 06, °
. 547.91 - 416431 432,62 0.4766E-06
14 0.646 0.27 D.1403E 04 0.8521E 06 .
: 548,53 413,49 432,97 .. 0.4764E-06 \ ~
15 0.696 0.27 0.1402E 04 0.8533E 06 U
549.01 416,64 433,29 0.4762E-06 .

16 . BaT4b 0.27 0.1402E 04 0.8546E 06 . : T
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549438 416.78 - 433.57 0.4760E-06

'0.796

549.69
549+94
550.17

550.37

0.846

0.896

0.946

0.996

V.27
416491

417.02
417.13

417.22

433.82
434.05
434.26 .

434,44

0.1402E 04

. 0.4759E-

0.1402€ 04

0.4758€~

0.1402E 04

0.4757€~

0,1403E 04

0.4756E~

0.1403E 04

0.8558E 06
06

0.8570E 06
V6

0.8583E 06
06

0.8595€E 06
06

0.8607E 06

417.31
0.27
417.38

434,61 0.4755€~06 .

. $ 0.1404E 04 0.8619E: 06
434,76 0.4T54E-06

-0.03 - * 0.1405E 04 0.8631E 06
434,90 0.4753E-06

0.1011E 04 0.8643E 06
0.4753E-06

0.9980E 03 0.8643E°06
0.4805E-06

0.1000E 04 0.8642E 06
433.23 - 0.4B845E-06

0.1003¢ 04 0.8641E 06
0.4875E-06

0.1005E .04 0.8640E 06
C.4B897€E-06

0.1007€ 04 0.8639E 06
0.,4912E-06

0.1009E 04 «0.8638E 06
0.4923E-06

0.1011E 04 0.8637E 06

0.4931E-06 .

-0.02 0.1013F 04 0.8637E 06
414 .84 429.68 © 0.4937E-06

-0.01 * . 0sl014E 04 0.8636E 06
429.29 . 0.4941E-06

0.1016E 04 0.8636E 06
0.4944E-06

0.1017€ 04 0.8635E 06
0.4946E-06

0.1018E 04 . 0.8635E 06

© 0.4948E-06 °

0.1019€ 04 0.8634E 06
0.4949E-06.

0.1020E 04 0.8634E 06
0.4950E-06

0.1021€ 04 0.8634E 06
427.72 = 0.4951E-06

~0.01 ° 0.1021E 04 0.8633E 06

421.55 . 0%4951E-06 =~

-0.01 0.1022E 04 0.8633E 06
427.39 0.4952E-06

0.1023€ 04 0.8633E 06
0.4952E-06

0.1023E 04 0.8632E 06
’ 0.4952€-06

0.1023€ 04 0.8632E 06
0.4952E-06

“0.1024E 04 0.8632E 06
426494 . 0.4952€E-06'

0.1024E 04 0.8632E 06

550.56
’ 1.046
550474
1.096.
550.91 © 41T7.45
-0.03
417.52
'0-03
417.05 434.10
’ =0.03
4lo.62
-0.03
416.23
l1.346 =0.02
415.88
-0.02
415.53 431.15
-0.02
415430 43C. 60
’ "0.02 b
430.11

1e146

550.95
T l.9s

539.15
1.246

530.19
1.296

523.75

435,03

432.46
" 519.15 . 431.7T7°

1.396
515.87

1 .4%6
513.54

1+496
511.87

1.546
510.67

1.596
509.82

415.06

414.64
-0.01

414.47 428.95
-0.01

414,32 428.64
-0.01

414.18
-0.01

41406 428.12
-0.01

413.95

1.896 '
413.86

% l.646
509.20
1.696
528.76
‘1 4746
5084643 .
1.796
5084290
l.846-
508.02

428.37

427.91
. -0001
507.89
1.946
507.79 - 413.77
1.996 -
* 413,70
-0.01
413.63
~0.01
413.57 '

© 507,71

2.046
507.66~_ . 427.26
: 2.096

507.61 427.14
1-146 -OOOL
413.52 -
2.196 . ~0.01

413.47

~0.01

507.57 427.03

50%454
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507.52 413.43 426485 0.4953E-06 .
2w296 -0.00 0.1025¢ 04 0.8632E 06
507.50 413.39 426.78 0.4993E-06 :
2.346 -¢.00 0.1025E 04 0.8631E 06
597.48 . 413.35 426.T1 - 0.4953E-06
. 24396 -0.00 0.1025E 04 0.8631E 06
507.47 413.33 426465 0.4953E-06
20446 ’=~0.00 0.1025E 04 0.8631E 06
507.46 413.30 426.60 . 0.4953E-06
2 .456 -0 .00 0.1025€ 04 - ' 0.8631E 06
507.45 413.28 426,98 . 0.4953E-05 <
2.546 -0.00 0.1026E~04 * 0.863)E 08
507.44 413.25 426451 " . 0.4963E-06
2.596 _ =0.00 * 0s1026E 04 .0.863LE 069
537.43 413.24 426,47 0.4953E-06
. 2.646 -0.00 0.1026E 04 . 0.8631E 06
507.42 413.22 426444 0.4953E-C6
2.696 ~0.00 0.1026E 04 0.8631E 06 /.
50741 " 413.20 426.41 0.4953E-06 v
. 2746 ., =0.00 0.R026E 04 0.8630E 06
507.41 413.19 426.38 0.4953E-06
2.796 .-0.00 0.1026E 04 0.8630E 06
907.40 413.18 426436 0.4953E-06
P 24846 -0.0¢ 0.1026¢ 04 0.8630E 06
507.40 413.11 426.34 0.4953€-06
24896 -0.00 = 0.1026E 04 0.8630E 06
507.39 413.16 426.32 0.4953E-06
24946 -0.00 0.1026E 04 0.8630E 06
507.39 413.15 426,30 , " 0.4953E-06
2.996 -0.00 0.1026E 04 0.8630E 06
50739 413.14 426429 0.4953E-06
3.046 -9.00 ©0.1027€ 04 0.4630E 06
507.38 413.14 426.28 0.4953E-06
3.096 » ~U.00 D.1027E 04 0.8630E 06
537.38 413.13 426426 5, 0.4953E~-06
3.146 -0.00 . 0.1027E 04 0.8630E 06
507.3% 413.13 426.25 0.4953E-06
. 3.196 -0.00 0.10276 04 o 0.8429E 06
‘507.38 413.12 426.24. " 0:4953E-06
. 3.246 -0.00 - 0.1027E 04 . 0.8629E 06
50737 413,12 | 426024 ¢ 0.4953E-06
3.296 - -0.00 0.1027E V4 _ 0.8629E 06
507.37 _4l13.11 426423 . 0.4953E-06 °
3.346 -0.00 0.1027E V4 .0.8629E 06
507.37 413.11 - 426422 0.4953€-06 s
o 3.396 . =0.00 _ '0+1027E 04 ‘0.8629E 06 -
$507.37 413.11 426,22 % 0.4953E-06
: 3.446 -0.00 0.1027E-04 - 0.8629E 06
507.36 413.11 426,21 . 044953E-06 - "
3.496 -0.00 * 0.1027E 04 0.8629E 06
507.36 413410 426.21 ¢ ®  0.4953E-06
3.546 -0.00 0.1027E 04 0.8629E 06
507.36 418,10 426420 . 0.4953E-06 !
3.596 -0+00 0.1027E 04 0.8629E 06
507.36 413.10 426,20 . 0+4953E~06 s
3.646 ~0.20 0.1027E 04 0.8629E 06
507.36 - 413.10 426420+, " 0.4953E-06 .
3.696 ~-0.00 0.1027E 04 0.8629E,06
507.36 413410 426418 © 0.4953E-06 :
- , 3.746 -0.00¢ 0.1027E004 0.8628E 06 ° ] :
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507.34
507.34
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507.33
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‘3,796

413.10

3.846

3.946
3.996
4,046
44096
4.146
4.196
4,246
4.296
44346
4.396
44446
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4.546
4.596
4.646
4.696
4,746
44796
4.846
4.896
4.946
4.996
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5.096
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413.09
413.09
413.09
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413.08
413.08
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0
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0.4953E~06
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0.1027E 04 0.8627E
4 0.4953E-06 .
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0.1027E 04
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0.1027E 04 7 0.8627E
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0.4953E-06
04 0.8627E
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' 0.,4953E-06
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507.32 - ‘* 413.08 426317 0V4954E~06 - >
107 5.29¢6 ™SaQ,00 0.1027€ o4 0.8626E 06 :
507.32 413.08 426417 0.4954E=06
108 5.346 ° =0.00 0.1027€ 04 0.8626E 06
507.32 ~ - 413.08 426.17 0.4954E-06
* 109 5.396 -0.00 0.1027€ 04 " 0+8626E 06
: 507.32 - 413.08 1426417 - 044954E=06
110 5.446 -0.00 0.1027€ 04 0.8625€ 06
507.32 413.08 426417 0.4954E-06 . . )
111, 5.496 - =0.00 0.1026E 04 0.8625€ 06 .
. 507.31 413.08' 42617 0+4954E-06 -
112 - 5.546 ~0.00 ‘0.1026E 04 0.8625€ 06 ‘ *
507.31 413.08 426417 0.4954E~06 )
113 5.596 -0.00 0.1026E 04 0.8625E 06 . -
507.31 413.08 . 4Z26.16 . 0.4954E~-06 ’
114 5.646 ~0.00 0.1026€ 04 0.8625E 06
. 507.31° 413.08 426416 . 044954E=06 .
' 115 5.696 -0.60 0.1026E 04 0.8625€ 06 - . ,
507.31 " 413.08 426416 0.4954E-06 .
116 5.746 -0.00 0.1026E 04 ©  0+8625E 06 g
507.31 413.08 426416 0.4954E-06
117 5.796 -0.00 0.1G26E 04 0.8625€ 06
507,31 413.08 426416 0.4954E~06
118 5.846 « =000 0.1026E 04 0.8625€ 06 °
507.31 413.08° = 426.16 0.4954E~06 : ’
119 " 5.896 -0200 0.1026E 04 - 0.8625E,06 '
* 507.31 413.08 426416 0.4954E~06
120 5.946 ~0.00. 0.1026E 04 0.8625€ 0%
. 507.30 413.08 426416 0.4954E-06 .
121 5.996 *’ =0.00 0.1026E 04 0.8625€§06 .
507.30 413.08 426416 0+4954E-06 - r .,
122 - 6,046 ‘ «0.00 0.1026E 04 0.8624E 06 L&
507.30 ° 413.08 426416 * 0.4954E-06 . -
- . 123 62096 ~0.060 0.1026E 04 0.8624E 06 )
. 507.30 413.08 426.16 , 0+4954E-06 . , .
124 6146 ~0.00 0.1026E 04 0.8624E 06 s
507.30 413.08 426416 0.4954E~ . ' 3
~ 125 64196 ~0.00 0.1026E 04 0.8624E 06 .
’ 507.30 413,08 426.16 0.4954E-06 . .
126 64246 ~0.00 , 0.1026E 04 " 0.8624E° 06 e
" . 507.30 413.08 426416 ‘ 0.4954E-06 '
127 . 64296 -0.00 0.1026E 04 0.8624E 06
507.30 413.08 426.16 044954E-06 . b
128 6346 -0.00 0.1026€ 04 ° 0.8624E 06
B 507.30 413.08 - 426.1& .0.4954E-06
g 129 62396 -0.00 . 0.1026E 04 0.8624E 06
. 507.30 413.08 426416 . 0.4954E-06 .
. . 130 60446 ~0.00 0.1026E 04 0.8624E 06 - -
: 507.29 413.08 426416 0.4954E~06 o
1 131 .. 64496 ~0.00. " 0.1026E 04 . 0.8634E 06 4
$f #507.29 413.08 . 426.16 0.4954E~06
> . 132 6546 ~-0.00 041026E 04 0.8p24E 06 ° -
o © 507.29 413.08 426416 0.4954E-06 - . -
I 133 . 6.596 ~0.00 - 0.1026E 04 0.8624E 06 .
; 507.29 413.08 426416 0.4954E~06 . -
134 ' 6e646 -0.00 0.1026E 04 . 0.8623E 06. ¢
, 507.29 413.08 426416 - 0.4954E-06 :
135 ' 64696 - ~0.00 0.1026E 04 .- 048623 06
L. 507.29 413.08 426416 - 0.4954E-06 , _ : . ' »
3 136 6.T46 | ~0400 0.1026E 04 0.8623E 06 ' oo
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) . 507.29 ‘;13.08 * 426416 . 0.4954E-06
137 6.796 ~0.00 '0.1026E 04 0.8623E 06
507.29 ° 413.08 4264160 0.4954E-06
1 138 6.846 =0.00 " 0.1026E 04 0.8623E 06
50729 413,08 426416 . 0.4954E-06
. 139 6.896 -0.00 0.1026E 04 -048623E 06
- 507.28 ° 413,08 426.16 0.4954E-06 .
140 . 64946 =0,00 0.1026E 04, 0.8623E 06,
507.28 413,08 . 426416 ¢ U«4954E=06
lal 64996 . =000 0.1026E 04 <0s8623E 06
507.28 413.08 426.16 ~ ' 044954E~06 ) b
142 7 .046 -0.00 T 0.1026E 04 T 0.8423E 06
507.28 413,08 426416 . 0.4954E~06
143 7.096 <0.00 0.1026E 04 0.8623E-06 /
. 507 .28 41308 426416 “0.4954E=06 .
144 T.146 . =0.00 0.1026E 04 0.8623E 06
. 507.28 413.08 426.16° 0.4954E-06
145 . T.196— -0.00 - 041026E 04 0.8623E 06
50728 *\}3.08 426.16, 0.4954E=06 ¢ 3 %’
© 146 . 7.246 =0.00 0.1026E 04 0.8622E 06
- 507.28 413.04 426.16 0.4954E-06
3 147 7.296 -0.00 0.1026E 04 0.8622E 06
507.28 413.08 426416 0.4954E-06
148 7.346 -0.00 0.1026E 04 0.8622E 06
. 507.28 413,08 426416 0.4954E-06
149 7.396 -0.00 0.1026E 04 0.8622E 06
© 507.27 413,08 426416 '0.4954E-06
: 150 T.446 -0.00 0.1026E 04 0.8622E 06
- 507.27 ° 413,08 ° 426.16 0.4954E-06
151 7.496 "=0.00 "0.1026E 04 0.8622E 06
507.27 _ 413,08 426.16 0.4954E-06
152 7.546 -0.0p 0.1026E 04 ___ 0.8622E 06
507.27 413.08 426415 0.4954E-06
153 7.596 -0.00 0.1026E 04 0.8622E 06
A 507.27 .413.08 - 426015 0.4954E~04
154 T.646 -0.00 " '0.1026E 04 0.8622E 06
’ 537.27 413.08 426415 0.4954E-06 ¢ s
155 7.596 -0.00 0+1026E 04 0.8622E 06
. 507427 413,08 426415 0.4954E-06
T 156 T.746 -0.,00—— 0.1026E.04 0.8622E 06
s 507.27 413.08 426415 0.4954E-06
157 7.796 -0400° 0.1026E 04 _ 0.8622E 06
. . 507.27 413,08 426415 . 0.4954E-06 » )
" 158 7.846 -0.00 — 0+1026E. 04 ] 0.8621E 06
‘ 507427 413,08 426415 0.4954E=06
159 7.896 -0.00 0.1026E 04 0.8621E 06
) 50726 ' 413,08 426.15 . 044954E-06
- . 160 7.946 -0.00 0s1026E 04 0.8621E 06
507.26 413.08 426415 0.4954E-06 “
161 7.996 -0.00 ° 0.1026E 04 ‘0.8621E 06
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TIME 0,000 | R
TIME 0.046 |
TIME 0.096 ¢
TIME 0.l46 |
TIME 0.196 | .
TIME 0.246 |
TIME 0.296 |
TIME 0.346 |
TIME - 0.396 |
TIME  0.446 |
TIME 0.496 |
TIME 0.546 |
TIME 0.596 |
TIME 0.646 |
TI 0.696 |
n:§ 0.746 |
TIME 0.796 |
TIME 04846 |
TIME 0.896 |
TIME  0.946 |
TIME 0.996 -
TIME 1.046 1 T
TIME  1.096 I | -
TIME 1.12%6 | i ‘ R
LTIME 1.196 | & > .
TIME 1.246 | y )
FIME  .1.296 1R ¥ .
TIME 15346 }R . o ‘
TIME 1.396 [ R . , %
TIME  1.446 | R '
TIME 1.496 | R . .
TIME 1.544 : R &
TIME 1.596 R v
TIME < 14646 1 R %#N£9
TIME . 1.696 | R.
TIME 1.746 1 R <,
TIME ,l.796 | R .
TIME  1.846 | R - ‘
TIME 1.896,) R ¢
.TIME  1.946 | R
TIME 1.996 |. R
TIME 2.046 | R "o
TIME. 2.096 | R
PTIME  2.146 | R
TIME . 2.196 | R
TIME® 2.246 | R
TIME "2.296 {. R -
TIME 24346 | © R _
‘TIME  2.396 1 R -
TIME 24446 |, R .
TIME  2.496 | R
TIME . 2.546 | R
TIME 2.596 | R
IME  2.646 | R
*me 2.696 | R,
- l’-lHE 2e T46 l R ~
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. TIME 2.796 | R P FL M .
TIME  2.846 | R P F L MI .
TIME  2.896 | R . - P F L M| . .
TIME 2.946 | R P F L M| . -
TIME  2.996 | R - P F L MI , -
Y TIME  3.046 | R P F L MI
¥ "TIME  3.096 | R P F L Mi
TIME 3.146 1 . R P F L M *
TIME 3,196 | R" R P F L M}
.- TIME  3.246 | R P FL M}
TIME  3.296 | R P & F L M|
TIME  3.346 | R P F L M|
TIME  3.396 | R P F L M| -
TIME 34046 | R - P F L M|
TIME 3,496 | R : P F L M| .
TIME 34546 | R P F L M
TIME 3.596 | R P F L M
TIME 3.646 | R P F L M|
TIME  3.696 | R P F L M -
TIME  3.746 | R P F L M|
TIME 3,796 | R P F L Ml
TIME  3.846 | R ) ’ P F L M N
TIME  3.396 | R P P F L M|
TIME  3.946 | R . P FL M|
TIME 3.996 | R P F L M}
TIME 4.046 } R A F L M| fo
TIME  4.096 | RS, P FLMI 4
TIME 4,146 | R o P E L M}
TIME: 4.196 | R - P F L M|
TIME  4.2%6 | R P F L M|
TIME  4.296 | R P F L M|
_ TIME  4.346 | R p FL M
TIME  4.396 | R g P FL'M|l » =
TIME 4.446 | R P F L M|
TIME  4.496 | R . P F L MI
TIME  4.546 | R P F L M|
TIME 4.596 | R P F L M| '
TIME  4.646 1 - R P F L M|
TIME  4.696 | R P F L Ml
TIME 4.746 | R P F L MI -
. TIME  4.796 )\ R P F L M|
TIME  4.846 | R P F L M
TIME  4.896 | R P F L M}*
al TIME 4946 | R P F L MI
' TIME  4.996 | R P JF L M| .
. TIME 5,046 | R - P ~F L Ml -
. TIMEY 5.096 | R« P F L M|
© Y TIME  Sl.146 | R A P F L M|
T TIME  5.196 | R P F L M|
S~ TIME 54246 | R s P . F LM .
“ TIME 5.296 | R - P R LM )
g TIME 5346 | R ] E L M)
T.. TIME  5.396 | R . P F LM
A TIME  5.446 | R, P F L M
TIME  5.496 | R . P E LMl .
TIME, | 54546 | R : P F. M|
g TIME "5.596 ) R P F L M|
- TIME  5.646 | R < P F L M| )
d TIME ~ 54696 | R J F L M s
TIME  5.746 | R P F L M| :
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2 - 70 - R -4
TIME 5.796 | R P FL MI
Irive  s5.8406 | R P FLMI .
TIME 5.896 : R ,>’ p FL M‘ “
. TIME  5.946 R . * P FLM
>~ TIME 5.9%6 | R . P FL M|
. TIME  6.046 | R P FL M| —
TIME 62096 1 R - P’ FL M| T
TIME 6.146 | R P FL M|
TIME - 6.196 | R P F L M| *
TIME  6.246 "] R - . P FL MI
TIME 6.296 | R ¥ P FL M|
TIMNE  6.346 | R s .P JFL M
' TIME 6.396 | R P FL M|
* TIME 6.446 | ‘R p FL Ml
TIME 6.496 | R P FL M| .
TIME. 6.546 | - R P ’ FL M| .
- TIME  6.596-1 R . P FL M|
g TIME 6.646 | R P F L M|
TIME 6.696 | R P FL M|
~ TIME  6.746 | R P » F L M| "
TIME 6.796 ! R ’ - P F. L Ml
TIME 64846 R p FL M|
TIME _ 6.895 | R P FL MI .
TIME - 6.946 | R “ . P FL M|
' TIME 6.996 | /R ' Q . N FL M| .
TIME  T7.046 | R . P F L M -
TIME 7.056 | R - P FL M| »
TIME  7.146 | R o FL MI
TIME 7.196 | Rie - . P F l: M
TIME  7.246.]| R™ . P F L Mi
TIME 7.296 | R P F L M|
TIME 7.346 | R P F L MI
TIME  7.39 | R . . P "F L oM
TIME  7.446 | R R P F L M|
TIME - 7.496° | R . P F L M|
TIME  7.546 | R - P - F L Ml
TIME  7.596 | R . P - FL Ml
TIME 7.646 | R P FL M :
. TIME T.696 | “R " - : Q. FL M|
\ TIME  7.746 1 R P F L M|
~ TIME  7.796 | R~ P F L M|
: . TIME 7.846 | R p FL M|
TIME  7.896 | R . P F L M|
TIME  7.946 | R - N P . FL M
’ TIME 7.996 | - R .. P . FL M| . ¢
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Ty INPUT CHARACTER |#*Q FRPILH . &
£ .
“ P ~ POWER ’ ' ,
. L - LOG. UF POWER - . . )
‘ Q — PRECURSOR DENSITY
F -»FUEQVTEMPERATURE
s - MODERATOR“TEMPERATURE -
R - REACTIVITY
IF "'VARIABLE PLOTTED HAS NEGATIVE VALUE THE
AXIS FOR THIS VARIABLE IS SHIFTED TO THE s,

CENTER OF Y-AXIS




